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Cardiovascular care with the new T-type calcium channel 
antagonist: possible role of attendant sympathetic nervous 
system inhibition 

Fritz R. Buhler 



Differences among types of calcium antagonists Cal- 
cium antagonists lower blood pressure, relieve angina pec- 
toris and improve chronic heart failure, primarily through pe- 
ripheral and coronary vasodilation. The debate as to whether 
short-acting, long-lasting (D-channal calcium influx antago- 
nists of the 1,4-dlhydropyridlne type might be involved in 
excess cardiac mortality has raised new controversies with 
respect to the cardiac morbidity and mortality outcome for 
all calcium antagonists. Different pharmacodynamic effects 
(short-acting vasodilation inducing pulsatile sympathetic 
reflex stimulation) may explain differences in outcome with 
calcium antagonist therapies. Calcium antagonists also dif- 
fer in their direct effects on the sympathetic nervous sys- 
tem, and on its long endocrine arm. the renln-angiotensln- 
aldosicrone system These differential effects relate to the 
cardiac conduction system and ventricular ectopic activity, 
to cardiac and vascular remodelling and hypertrophy, and 
perhaps also to the development of hypertension. 

L-channel calcium antagonists Depending on their phar- 
macodynamic characteristics, LrChannel calcium antagonists 
of the dlhydropyridine, verapamil or dlltiazem type reflexly 
activate the sympathetic nervous system and blunt 0-adreno- 
ceptor-mediated calcium influx, thus eliciting negative lno- 
tropy and activation of the renin-angiotensin system. Both 
verapamil and dlltlazem slow down pacemaker activity and 
atrioventricular conduction. 

Mibefradi! The new-class T-channel blocker mibefradll ex- 
hibits vascular selectivity and induces peripheral and coro- 



nary vasodilation. There is no reflex sympathetic activation 
and no negative inotropic effect It Increases coronary blood 
flow without increasing oxygen consumption and causes a 
slight slowing of the heart rate, thereby inducing diastolic 
relaxation. The latter improves subendocardial and small ar- 
tery perfusion. There is a sympatholytic effect, owing to T- 
channel expression in neurones, sinoatrial and atrioventricu- 
lar nodes and Purklnje fibres. In experimental models, ven- 
tricular ectopic activity Is reduced with mlbafradH. The renin- 
angiotensin-aldosterone system and endotheEn effects are 
blunted by T-channel Inhibition. These and other factors re- 
duce smooth muscle ceil proliferation, hypertrophy and ma- 
trix deposition. T-type calcium channel inhibition, over and 
above its antihypertensive and anti-ischaemlc effects, and 
afterload-reducing effects in chronic heart failure, offers the 
potential for a cardiovascular protective benefit, which may 
be critically related to interference with the sympathetic nerv- 
ous system. 

Journal of rtypartftRsfon 1 997, 1 5 (aupp) 5):S3-S7 
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Introduction 

In the last 30 years all calcium antagonists used in clinical 
practice have been more or loss hampered by their negative 
inotropic effect. The l,4-<iihydropyii dines (nifedipine 15 a 
protocypc) evoke increases in the heart rate, rcfleccing reac- 
tive increases in sympathetic nerve activity. The phcnyl- 
alkylamines (verapamil) and the benzodiazepines (dilriazem) 
have direct negative chrono- and dromotropic effects that may 
mask reflex sympathetic activation. 

Cardiovascular pharmacotherapy with attendant slowing of 
the heart is associated with reduced cardiac morbidity and 
mortality [1^3]. This is supported by the abundance of infor- 
mation on the cardioprotective effects of ^-blockers [4) and 
angiotensin converting enzyme (ACE) inhibitors [5]. How- 



ever, mechanisms other than heart rate slowing are also oper- 
ative. Interference with the sympathetic nervous system at 
several prejunctional and adrenoceptor levels is an inherent 
mechanism of P-bloekers, ACE inhibitors and angiotensin an- 
tagonists [6]. 

In recent years, an ardent A . ;bacc has arisen over a potentially 
advene effect of calcium antagonists, in particular the short- 
acting, L-type (long-lasting) channel-blocking dihydropyrid- 
ines, which have been accused of causing excess cardiac mor- 
tality; especially in postinfarction trials [7,8]. The data that 
have been presented so far, however, are insufficient and the 
conclusions drawn from meta-analyses can best be used as 
hypothesis-generating; they do not imply a necessary change 
in treatment strategies. A series of ongoing prospective trials 
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will clarify this siruadon [9J. Knowledge of how calcium an- 
tagonists directly and rcflcxly interact with the sympathetic 
nervous system may help to explain differencial cardiac pro- 
tective observations- These effects of calcium antagonists are 
basically threefold: pharmacodynamic effects (short-acting va- 
sodilation inducing pulsatile sympathetic reflex stimulation), 
direct cardiovascular peripheral effects (for example, pace* 
maker cells and conduction system) and direct neuronal ef- 
fects. The new-class calcium antagonist mibefradil offers sym- 
patholytic and antiproliferative effects, and should thereby 
be viewed as a potentially cardiovascular- protective agent. 

Therapeutic gain in selectivity from L to T 
calcium channel Inhibition 

In the fine-tuning of cardiovascular pharmacotherapy with 
calcium antagonists (of the L-channel-blocking type), opti- 
ma] use of these drugs may have been hampered by four im- 
portant shortcomings: a lack of smooth onset and 24-h dura- 
tion of action, a negative inotropic effect* sympathetic 
counter-regulation following vasodilation and an alleged lack 
oflong-tcrm cardiovascular protective effects. Optimization 
of pharmacokinetic and pharmacodynamic profiles of classi- 
cal calcium antagonists [1 0) has clearly been achieved by both 
galenical improvements and the development of a new gen- 
eration of long-acting L-channcl inhibitors such as amlodipinc 
and fclodipine. 

'Various calcium antagonists have proved to be partially selec- 
tive for vascular smooth muscle, with depressant actions on 
heart contraction limited to less than 50% of that on vascular 
musele when measured as a percentage of force reduction 
(11.12], Mibefradil (1 pmol/l) partially (about 2&*30%) blocks 
L channels, but blocks %% of Trype (transient) calcium chan- 
nel currents and smooth muscle contraction [13]. Therefore, 
mibefradil has clearly demonstrated T-cypc calcium channel 
selectivity. The use of this new class of calcium antagonist 
has shown that a predominant TchanncI block produces ef- 
fective and smooth peripheral vasodilation without cardiac 
depression. In contrast, amlodipinc, fclodipine, nitrendipine, 
nisoldipine, nirnodiptne, isradipine, dilciazem and verapamil 
are all selective blockers of L-rype channels with only minor, 
if any, effects on T-type calcium channels at therapeutically 
relevant concentrations [13], 

Part of the highly mitigated sympathetic counter-regulation 
following powerful vasodilation may be due to the 'strategic' 
distribution of T channels relative to the therapeutic needs. 
Effects related to T channels in the sinus node, atrioventricu- 
lar node and ventricular conduction system arc relatively easy 
to demonstrate. T channels also seem to have a stimulatory 
role in central and peripheral nervous transmission [14], 
though mibefradil does not seem to cross the blood-brain bar* 
rier. In contrast to T channels, L channels are not expressed 
in the nervous system. The pattem of expression of T chan- 
nels along the cardiovascular tree as well as in neurones may 
explain the unique effectiveness of Ttype calcium channel 
antagonists for clinical use. 



T-channei inhibition and cardiac and vascular 
responses to injury 

A sympatholytic effect may combine with a long-term anti- 
proliferative and remodelling effect in the cardiovascular sys- 
tem to increase cardiovascular protection. Both T channels 
and L channels are overexprcssed in cardiac hypertrophy 
[1S.16], itself a powerful risk factor [17), Reduction of left 
ventricular hypertrophy with the L-channcl inhibitors has 
been well documented [18], but this has not been as marked 
as chat clearly demonstrated with ACE inhibitors [19] or as 
high as the level so far reported via TchanncI inhibition with 
mibefradil (20]- It is conceivable that the T channel may be a 
key factor in the control of the growth of cardiac and vascular 
smooth muscle cells. 

There is ample information on L-ehannel calcium antagonist 
effects on remodelling and the response to injury following 
endothelial denudation with carotid ballooning (neuintimal 
formation and early development of atherosclerosis) [21]. 
Mibefradil has been reported to attenuate the ncointimai for- 
mation in response to ballooning by at Jeast 50% [22]. Irnmu- 
nohiscochcmicat analysis of proliferating cell nuclear antigen 
revealed that mibefradil markedly curtailed both the onset 
and the extent of ncointimai cell replication [22]. A recent 
study indicated that although mibefradil did not affect syn- 
thesis/turnover of the extracellular matrix glycoproteins fi- 
bronectin, laminin and collagens (types I, III and IV), it ex- 
erted marked inhibitory effects on expression of the 
glycoprotein tenasein. In the placebo group of ballooned an- 
imals, tenasein expression coincided with medial smooth mus- 
cle cell migration-replication and ncointimai formatioa Thus, 
mibefradil appears to be effective at both early and late stag- 
es in the remodelling process (TJ. Rcsink, F. Kern, A.W.A. 
Hahn, ER. Buhler, R. Schmict, manuscript submitted for pub- 
lication). It is also known that the Ttype calcium influx me- 
diates the sustained intracellular calcium increase induced 
by angiotensin II and p!atclcc-dc rived growth factor [23,24]. 
Thus the T channel appears to be a common denominator of 
growth control 

Although practically all atherogenic factors are calcium- 
sensitive with the different calcium antagonists [23], little if 
any effect has been shown on human atherosclerosis. In the 
coronary system, only the early onset and development of 
atherosclerotic plaques was shown to have been blunted by 
nifedipine (International Nifedipine Trial on Antiatherosclo- 
rotic Therapy INTACT [24]). The Mulricenter Isradipine/ 
Diuretic Atherosclerosis Study (MIDAS) using Doppler ul- 
trasound detection of plaques in the carotid artery was nega- 
tive for the calcium antagonist [25]. There is still no evidence 
that L- type calcium channel inhibition has a relevant impact 
on the development of atherosclerosis in man. The apparent 
reductive effects of TchanncI inhibition on cell migration, 
proliferation and matrix formation and neuroendocrine trans* 
mission in experimental models may indicate therapeutic po- 
tential in vascular remodelling. This cardiovascular remodel- 
ling effect and the anti-atherosclerotic potential of the new- 
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class Tchannel antagonist mibefradil still requires evaluation 
in the clinical setting. 

Predictable and smooth antihypertensive and 
anti-anginal therapy 

In recent years, L-rype calcium channel antagonists have been 
engineered for a smooth onset and 24-h action with optimised 
galenical formulations, or with the development of the chird 
generation of L-channcI inhibitors which inhcxendy exhibit 
these characteristics, While short-acting calcium antagonises 
clearly cause repetitive sympathetic reflex acdvation [26], ev- 
idence is accumulating that smoother acting L-channel in- 
hibitors may also evoke increases in (sural) sympathetic nerve 
activity [27], as also reflected in increased plasma catechol' 
amine and renin responses, with both acute and chronic treat- 
ment [26,28-50]. 

. Mibefradil has greater than 90% bioavailability; a slow rate of 
elimination, and produces a high trough to peak ratio and thus 
a clear and smooth 24-h antihypertensive action. This opti- 
mal kinetic and dynamic profile suggests a high predictabili- 
ty of response for use in clinical practice [31]. Thus both an- 
tihypertensive and anti-anginal effectiveness may be obtained 
with this T-rype calcium antagonist. So fat, the anti-anginal 
effects of L-type calcium channel antagonists have not been 
overly impressive, perhaps due to a reflex increase in sympa- 
thetic activity. A lack of this reflex may contribute to and ex- 
plain the anti-anginal results reported so far for mibefradil 
[32]. 

The cardiac morbidity-mortality outcome 
debate 

Although calcium antagonists are widely used in the treat- 
ment of cardiac ischaemia and angina, hypertension and, to 
some extent, heart failure, recent meta-analyses of a variety 
of trials have linked some calcium antagonists, mainly of the 
short-acting dihydropyiidinc type, to excess cardiac events 
[33]. In addition, twQ case-control studies published in 1995 
raised concerns that the treatment of hypertensive patients 
with calcium antagonises might increase the risk of myocar* 
dial infarction [34,35]. This was followed by an extension of 
other meta-analyses, demonstrating that high doses of short- 
acting nifedipine capsules increase the risk of recurrent myo- 
cardial infarction [33,36]. Since that rime, there have been 
extensive debates in the literature and at scientific meetings. 
Final resolution of this issue will not be possible until com- 
plete publication of long-term, prospective, randomized, out- 
come studies of morbidity and mortality. Most recendy, the 
Systolic blood pressure in Europe (Syst-Eur) study showed 
reduced cardiac mortal icy wich nitrendipine [37]. In pros pec* 
tivc collaborative overviews of major ongoing randomized tri- 
als of antihypertensive treatments, the newly established 
World Health Organization-International Society of Hyper- 
tension (WHO-tSH) Pressure Lowering Treatment Trialists' 
Collaboration (PLTTC) plans to report on meta-analyses of 
75 000 patients (about 30 000 treated with calcium antago- 



nises) in 15 trials in 1999 and of a total of 197 000 (about 
105 000 treated with calcium antagonists) in 20O3 [9]. These 
prospective and well powered trials are required in order to 
provide benchmarks of the effects of (J-blockcrs (and diuret- 
ics) on myocardial infarction and stroke, and of ACE inhibi- 
tors on mortality in heart failure patients. 

In the meantime, further mechanistic clarification of sympa- 
thetic counter-regulation following peripheral vasodilation is 
needed. One current hypothesis is that repetitive acute va- 
sodilation by shorter-acting L-channcl type calcium antago- 
nists might have adverse effects resulting from repeated re- 
flex sympathetic stimulation. Accordingly, antihypertensive 
effects could be blunted and angina could be induced. Pro- 
posed regression of left ventricular hypertrophy is impaired 
by repeat sympathetic activation, as demonstrated with the 
use of felodipine twice a day [38]. The combination of Sym- 
pathetic activation and reduced coronary perfusion, as blood 
pressure falls, may explain the ischacmic complications of 
short-acting L-channel inhibitors [39]. Concomitant therapy 
with ACE inhibition buffers the regulatory response [40], as 
does |5-blocker therapy [41]. Nifedipine is more likely to in- 
crease catecholamines and renin activity than the slower-onset 
calcium antagonist verapamil [42]* In chronic use of L-channel 
inhibitors, there is some masked reflex sympathetic activa- 
tion, as it can be uncovered by the addition of a ^-blocker to 
nifedipine therapy [41]. 

The possible effect of a fall in the heart rate has been demon* 
strated by the administration of verapamil and diltiazem to 
patients after a myocardial infarction, although here, not un- 
expectedly* benefit was shown only in patients without heart 
failure or pulmonary congestion [43,44]* 

Against this background, ihe new class of T-channel calcium 
antagonists, with their reduced likelihood for inducing 
adverse events of reflex sympathetic nerve activation and neg- 
ative inotropy, may provide a new dimension in cardiovascu- 
lar care 

is neurohormone reflex activation the 
problem? 

There is very clear evidence that the acute administration of 
calcium antagonists causes reflex increases in heart rate, plas- 
ma catecholamines and plasma renin activity (26], and there 
is a direct increase in sural sympathetic nerve activity sup- 
plying skin or skeletal muscle [27]. Sural nerve activity is a 
directly measurable effect on sympathetic nerve activity which 
is independent of the direct slowing effects on pacemaker 
cells and atrioventricular conduction. More recently, the dif- 
ferential effects of the l^dihydropyridines verapamil and 
diltiazem have been tested in the hacmodynamic system, and 
not only acute but also chronic administration of calcium an* 
tagonists led to a sustained elevation of nerve activity in the 
following order short-acting dihydropyridincs > longer-acting 
dihydropyridines > diltiazem > verapamil {451. 
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T-cype calcium channel inhibition with mibefradil stems co 
be associated with a smooth overall reaction of the sympa- 
thetic nerve system, since there appears to be no effect on 
catecholamines and renin and no effect on reactive sural nerve 
acdvicy, particularly in view of powerful vasodilation. It is 
therefore conceivable that in addition to a beneficial slowing 
of the heart race, mibefradil exerts a peripheral inhibition of 
nerve transmission. The evidence also suggests that aldos- 
terone stimulation by angiotensin is mediated by T-rypc chan- 
nels (46] and that renin release is induced 147). Thus, the 
renin-angiotensin system, the long endocrine arm of the sym- 
pathetic nervous system, is blunted. 

These differential effects on reflex sympathetic activation 
could explain why some calcium antagonists have litdc ef- 
fect on cardiovascular morbidity and mortality, while others 
such as diltiazem and verapamil seem to be beneficial (as long 
as sympathetic reactivity is not increased by severe heart Fail- 
ure).' 

Moreover, there is experimental evidence that mibefradil 
gready reduces ventricular tachycardia and fibrillation follow- 
ing postischaemic re perfusion [48] and prolongs survival fol- 
lowing myocardial infarction in the rat [49], thus pointing to 
its potential for reducing sudden death in man. 

Calcium antagonists and heart failure 

Congestive heart failure remains an important cause of death 
and disability with annual mortality rates of 10-50%, depend- 
ing on the severity [50], Improvement of the hacmodynamic 
abnormalities does not of itself lead to lower risk [51], sug- 
gesting additional pathogenic factors. Disease progression has 
been related to ncurohormonal [52] and angiotensin system 
activation [53]. 

Because of the negative inotropic effect of all Lr^alcium chan- 
nel antagonists, their use in heart failure is limited. Their ther- 
apeutic risk appears to be dependent upon the ratio between 
the degree of negative inotropy and the degree of compensa- 
tory reflex sympathetic counteractivation. The latter helps to 
overcome the direct negative inotropic effects of L-channcl 
inhibition. Both effects develop more smoothly with third- 
generation long-acting dihydropyridincs such as amlodipine. 
In the Prospective Randomised Amlodipine Survival Evalu- 
ation (PRAJSE) study in heart failure patients, no harmful 
effects have been observed [54], 

The new-class T-rype calcium channel blocker mibefradil may 
have a special role in heart failure therapy because of its phar- 
macokinetic and pharmacodynamic characteristics. Its smooth 
onset and long duration of action, afterload-rcducing effects, 
heart race-slowing and sympatholytic actions may add a new 
dimension to heart failure patients who have elevated sym- 
pathetic nervous system activity. A calcium antagonise such 
as mibefradil may thus provide at least comparable benefits 
to those observed with ACE inhibitors [55), the angiotensin 



II antagonist losartan [56] or a vasodilator with a £-adrcno- 
ccpcor-blocking component [57J. 

A large mortality study with mibefradil, the first Mortality 
Assessment in Congestive Heart failure patients (MACH-1) 
[58], is under way at present and may clarify these T-channcl- 
rctoted issues. A total of 2600 patients have been recruited 
for this 2.5-year treatment trial; results are expected in 1998- 
On the basis of an interim analysis, the Independent Safety 
Committee recently recommended the continuation of the 
study. In addition to assessing the long-term safety and effi- 
caey of mibefradil therapy in patients with heart failure, the 
study may reveal effects on morbidity, quality of life and sud- 
den cardiac death in these patients. 
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Summary: Mibefradil (Ro 40-5967) is a novel nondihy- 
dropyridine calcium antagonist The aim of our study was to 
compare the negative inotropic effects of the well-known J A- 
dihydropyridine nifedipine and the phenylalkylaminc vera- 
pamil with those of mibefradil. Isometric force of contraction 
in response to these substances was determined in isolated* 
electrically driven left ventricular papillary muscle strips from 
failing human hearts (1 Hz, 37°C)- The hearts were obtained 
during cardiac transplantation (o = 9) and mitral valve-re- 
placement operations (n = 9). The calcium antagonists studied 
significantly (p < 0.05) depressed basal force of contraction in 
a concentration -dependent manner. The effect started at con- 
centrations >0.00l \xM for nifedipine and >0-Ql uAf for vera- 
pamil, but only at concentrations >10 jiAf for mibefradil. Only 



in the presence of nifedipine and verapamil was a significant 
rightward shift of the inotropic concentration-response curves 
to calcium and a depression of the maximal effects of calcium 
observed. With respect to the relation between the therapeutic 
active plasma concentration in vivo and the negative inotropic 
potency in vitro, it became evident that the difference between 
therapeutically beneficial concentrations and potentially haz- 
ardous cardiodeprcssant activity increases from nifedipine to 
mibefradil. We conclude that this new generation of calcium 
antagonists* almost lacking cardiodeprcssant effects, could 
lead to a greater therapeutic index and greater safety in the 
treatment of cardiovascular diseases. Key Words: 
Mtbefradil— Nifedipine— Verapamil — Calcium antagonists — 
Human myocardium — Heart failure. 



Over the past 20-year period, calcium antagonists 
have been used for the treatment of hypertension and 
chronic stable angina pectoris. However, a number of 
recent retrospective analyses have suggested that cal- 
cium antagonists may be detrimental and may promote 
adverse cardiovascular events (1,2). Possible explana- 
tions for adverse effects include proischemic effects (3), 
negative inotropic effects (4), marked hypotension (5), 
recently reported prohemorrhagic effects (6), and possi- 
bly proarrbythmic effects of calcium antagonists (7). 
For verapamil, similar negative effects have been re- 
ported (8,9). 

The negative inotropic effects of calcium antagonists 
in vitro (4) are usually compensated in vivo by a reflex 
sympathetic stimulation because of the strong peripheral 
vasodilation induced by these drugs. However, the car- 
diodepressant effect of calcium antagonists can be detri- 
mental in patients with decreased left ventricular func- 
tion. In patients with chronic heart failure, baroceptor 
sensitivity is decreased (10), and adrenergic reflex 
mechanisms are blunted (7). Therefore the compen- 



satory mechanism might be insufficient to overcome car- 
diodeprt&sion by calcium antagonists in patients with 
heart failure. 

Many efforts are under way to develop second- and 
third-generation calcium channel blockers with a more 
favorable pharmacokinetic profile, leading to a higher 
specificity for vascular tissue and a reduced negative in- 
otropic potency. Mibefradil, a benzimidazolyl-substi- 
tuted tetraline derivative, is one of these novel calcium 
antagonists. It belongs to a new chemical class, al- 
though it binds to the vcrapamil-type receptor Of cardiac 
membranes (II). Mibefradil is characterized by its se- 
lective and complete blocking properties on the voltage- 
operated T-type channel, although it has reduced block- 
ing properties on the L-type channel (12). 

Our study was designed to compare the negative in- 
otropic effects of mibefradil with those of the well-es- 
tablished calcium antagonists nifedipine and verapamil 
in viuo by using tissue from failing left ventricular hu- 
man heart and to relate the results to the therapeutic ac- 
tive plasma concentrations of these compounds. It is 
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mandatory to use human left ventricular preparations to 
overcome possible species differences (13). 

In isolated cardiac preparations, beating frequency can 
be kept constant, and effects of pre- or aftcrload changes 
and sympathetic reflex mechanisms do not have to be 
taken into account 

METHODS 

Electrically stimulated human papillary 
muscle strips 

Experiments were performed on isolated, electrically stim- 
ulated papillary muscle strips from human left ventricular my- 
ocardium. Myocardial ventricular tissue from terminally fail' 
ing human hearts (NYHA Claw IV) was obtained during 
cardiac transplantation. The preoperative diagnoses were di- 
lated cardiomyopathy (five patients) and ischemic cardiomy- 
opathy (four patients). Tissue from moderately failing human 
hearts (NYHA Classes H-Ill) was received during mitral 
valve-replacement operations (nine patients). All patients 
gave written informed consent before &urgery. The pre treat* 
ment of the patients consisted of diuretics, nitrates, an* 
giotensla-converting enzyme Inhibitors, and cardiac glyco- 
sides. Patients wbo received catecholamines, ^-blockers, or 
calcium channel antagonists were withdrawn from the study. 
Cardiac surgery was performed with cardioplegia arrest dur- 
ing hypothermia. The cardioplegic solution was a modified 
Brctschneidcr solution containing (in mAf): NaCl, 15; KCL 
10; MgG 2 »4; histidinc HC1, 180; tryptophan, 2; manniiol, 30: 
and potassium dihydrogen oxoglutarate, 1. 

Immediately after explanation, the hearts were placed in 
ice-cold preaeratcd {95% <V 5% CO2) modified Tyrode's so- 
lution (for composition, see the following). Left ventricular 
papillary muscles were split into thin strips of uniform size 
(diameter* <1 mm; length. 6-8 mm). The preparations were 
mounted individually in an organ bath containing 75 ml Ty- 
rone's solution (in taM): NaCl, 119.8; KCU 5.4; Cad 2 . 1.8; 
MgCl 2 , 1.05; NaH 2 P0 4f 0.42; NaHCOj, 22.6; Na^EDTA. 
0.05; ascorbic acid, 0,28; and glucose, 5.0; maintained at 
37°C and aerated continuously with 95% Oj and S% C0 2 (pH. 
7.4). The muscle strips were paced electrically by two plat* 
inum electrodes (frequency, 1 Hz; impulse duration, 5 ms; 
voltage, 10-20% above threshold). Each muscle strip was 
stretched to the length at which force of contraction was max- 
imal (-10 mN). Isometric force of contraction was measured 
with an inductive force transducer (Hottinger Baldwin 
MessLechnik, Munich, Germany) attached to a Gould recorder 
(Brush 2400; Gould, Cleveland, OH, U.S A.). 

MATERIALS 

Mibefradil (Ro 40-5967) was obtained from Hoffmann-La 
Roche AG (Basel, Switzerland), nifedipine from Bayer AG 
(Leverfcusen, Germany), and verapamil from Knoll AG (Lud- 
wigshafen, Germany). All other chemicals were of analytic 
grade or the best grade commercially available. 

STATISTICS 

Data are expressed as means ± SEM- Statistical significance 
was analyzed by using Student^ / test for unpaired observa- 
tions; p < 0.05 was considered significant. The drug concentra- 
tion producing 50% of the maximal effect (EC^ value) was de- 



termined in each individual experiment, ECg, values are given 
05 means with 95% confidence limits. 

RESULTS 

Representative original tracings illustrating the in- 
otropic effects of mibefradil and nifedipine in isolated, 
electrically driven human left ventricular papillary mus- 
cle strips are shown in Fig. I A. It becomes evident that 
nifedipine had a pronounced negative inotropic effect 
on the examined papillary muscle strips, whereas 
mibefradil exerted only a small negative inotropic effect 
at very high concentrations. The concentration depen- 
dency of the negative inotropic effect of nifedipine, but 
also of verapamil, becomes even more obvious in the 
cumulative concentration-response curves shown in 
fig. IB, Basal force of contraction was 2.5 (±0-2) mN 
for nifedipine, 2.8 (±0.8) mN for mibefradil, and 2.4 
(±0.3) mN for verapamil, respectively. The decrease in 
force of contraction was significant (p < 0.05) at con- 
centrations >0.001 \lM for nifedipine and >0.01 \iM for 
verapamil. In contrast, concentrations >10 \iM were 
necessary to observe a significant negative inotropic ef- 
fect of mibefradil. 

The ECso values for the negative inotropic effect were 
0.1 (0.05-0.2) \lM for nifedipine, 0.6 (03-l.Z) ]lM for 
verapamil, and 18-5 (6-97-49) \lM for rru^eftadil (Fig- X 
Table 1). 

The basal force of contraction was depressed by ~90% 
at concentrations >l 0 jiAf of nifedipine and at concentra- 
tions >30 ]iM of verapamil. In contrast, miberradil, even 
at the maximum concentration of 100 \\M, depressed 
basal force of contraction only by -10% (Fig. IB). 

As expected, addition of calcium to the organ bath led 
to a concentration-dependent increase in force of contrac- 
tion. Only after pre treatment with the calcium antagonists 
nifedipine and verapamil was a significant rightward shift 
of the concentration-response curve far calcium observed 
compared with control. No significant rightward shift was 
observed after pretreatment with mibefradil Moreover, 
only in the presence of nifedipine and verapamil was a 
significant depression of maximal inotropic effects of cal- 
cium Observed (Fig. 3). The absolute value for die maxi- 
mal increase in force of contraction induced by CaQ 7 (15 
mM) was 6.9 (±14) mN after r^etreatment with 
mibefradil, 35 (±0,7) mN after pretreatment with vera- 
pamil, and 1.7 (±0.3) mN after pretreatment with nifedip- 
ine, respectively. There were no significant differences in 
basal force of contraction, negative inotropic effects of the 
various calcium antagonists, or increase in force of con- 
traction induced by CaCl 2 between ventricular tissue from 
moderately failing (NYHA Classes U-JU) or terminally 
failing hearts (NYHA Class IV). 

DISCUSSION 

The therapeutic use of L-type calcium antagonists in 
the treatment of cardiovascular diseases is limited be- 
cause of their negative effects on cardiac ctratractiHty be- 
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FIG, 1- cumulative concentratiorwefiponse curves for the ef- 
fects of mibefracffl, verapamil, and nifedipine on force of contrac- 
tion in isolated, electrically driven human left ventricular papillary 
muscle strips. Original recorcfings (A) of isometric force of con- 
traction after application of mlbefradil (upper) and nifedipine 
(lower) and a summary of the results (B) are shown. Ordinate in 
B, force of contraction in percentage of prodrug value. Abscissa 
in H, concentration ol drug (in pM). Number of strips is shown In 
orackets. 



cause of an impairment of cransrnembranous calcium 
transport in cardiomyocytes (14). 

The T-type calcium channel, which is less prevalent and 
not completely understood, is found in relatively high 
density in spontaneously active vascular smooth-muscle 
cells but only rarely in myocardial tissue (15,16). Inter- 
estingly, Richard ct aL (17) and Neveu ct aL (18) showed 
that T-type calcium channels are not found in freshly dis- 
sociated rat aortic smooth-muscle cells but were ex- 
pressed transiently between 5 and 15 days in cultured 
cells, during which time the cells were proliferating. 
These observations provide evidence that T-type calcium 
channel expression is important for cell proliferation. 

The novel calcium antagonist rrdbefradil has been sug- 
gested to be more selective for vascular smooth-muscle 



TABLE J* Negative inotropic potency of calcium antagonists 
in humans 

In vitro Mean Therapeutic Relative 
EC 30 (uAO TAPC(pM) index potency 



Mibefenlil 
Nifedipine 
Verapamil 



18.5 
0,1 
0.6 



D.87 fl 

a 14* 

0.14* 



21.26 
0.7t 
4.29 



0.20 
&04 
1.0 



Therapeutic index was calculated from the ratio of in vitro ECjq to 
mean TAPC Relative potency of each drug was calculated from the 
therapeutic index of verapamil ( 1 J0). 

TAPC, therapeutic active plasma concentration; EC^ 50% effective 
concentration. 

"Qwd et aL. lMl (20). 

*Henry p 1980 (14). 

TrfcAllistcr and Kirsten, 1952 (19). 



cells because of a preferential inhibition of T-cype calcium 
channels (12). We might expect nubcfradil to have fewer 
cardiodepressant side effects because of a higher selectivity 
for vascular smooth-muscle cells. In accordance with this 
theory, it has been shown in isolated vascular and cardiac 
muscle preparations, as well as in isolated perfused hearts 
from rats and guinea pigs, that mibetradn is more potent in 
increasing coronary artery flow (EC^ = 54 uM) than in 
suppressing myocardial contractility [50% inhibitory con- 
centration (IC50) = 14.000 aAfl (1 1)< Thus mbeftadil shows 
an apparent preference for vascular tissue* 

In this study, the inotropic effects of nifedipine, vera- 
pamil, and mibefradil were compared in vitro. All cal- 
cium antagonists exerted concentration-dfipendent nega- 
tive inotropic effects in isolated, electrically driven 
human left ventricular papillary muscle strips (fig. IB). 
The EC 50 values of the negative inotropic effects of the 
various calcium antagonists were found in the following 
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FIG, a. Comparison of the therapeutic active plasma concentra- 
tions in humans after on?l administration of nifedipine, verapamil, 
and mlbefraoll (solid symbols) with the effective concentrations 
lor half-maximal effect (ECm) of negative Inotropic effects on 
force of contraction in isolated, atectricalry driven human left ven- 
tricular papillary muscle strips In vitro (opgn symbols). 
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Concerrtration of Ca 2 *(mmol/l) 

FK5, 3. Cumulative concentratioiwafiponse curves for me ef- 
fects of CaCI 2 in the presence of calcium antagonists, which de- 
pressed fores of contraction In Isolated, electrically driven human 
left ventricular papillary muscle strips by -90% with nifetfpine (1 o 
uJM) end verapamil (30 u,M) but only -10% In the presence of 100 
jiAf mibefradil. Ordinate, increase In force of contraction mea- 
sured as percentage of control value. Abscissa, concentration of 
CaCfe (In m/W). 

rank order of potency: nifedipine > verapamil » 
mibefradil (Fig. 2, Table 1). Thus the negative inotropic 
potency of nifedipine and verapamil is much higher than 
of mibefradil. The concentration-dependent response to 
each of the various calcium antagonists was identical in 
specimens obtained from NYHA Classes Il-IV patients. 
This may indicate that the detrimental negative inotropic 
effects can occur in even the moderately failing heart. 
The different rank order of potency becomes evident also 
if the effect of the calcium channel antagonists on the 
concentration-dependent increase in force of contraction 
in response to calcium is considered. Only pretreatment 
with nifedipine and verapamil led to a significant right- 
ward shift of the inotropic concentration-response curves 
and a depression of the maximal effects of calcium. 
These observations strengthen the hypothesis that a T- 
type selective calcium channel antagonist acts on vascu- 
lar smooth-muscle cells rather than on myocardial tissue. 

To investigate whether the rank order of potency of 
the calcium antagonists examined in this study is rele- 
vant in vivo F we compared the EC S0 values with the 
mean therapeutic active plasma concentrations 
(TAPCs) after oral application of these compounds 
(Fig. 2, Table 1). 



Oral administration of therapeutic doses of 10-20 mg 
nifedipine led to a mean TAPC of 0.14 \\M (14), and ther- 
apeutic doses of 120 mg verapamil, also to a mean TAPC 
of 0.14 \iM (19) (Fig- X Tabic 1). In clinical trials in hu- 
mans (20), the therapeutic oral dose of mitefradil was 
120 mg in the treatment of arterial hypertension, leading 
to a mean TAPC of 0.87 jiAf (Fig. 2, Table 1). For 
nifedipine, the EC50 value occurred at a concentration 
(0.1 \)M), which is less than the mean TAPC (0.14 \lM). 
Thus nifedipine offers the least favorable balance be- 
tween therapeutic and negative inotropic effects. In con- 
trast, the EC 50 value of the negative inotropic effect of 
mibefradil in vivo is 21.26 times higher than its mean 
TAPC (Table 1). 

Expressing the difference (as a measure of the thera- 
peutic index) between mean TAPC and EC^ values for 
cardiodeprcssant effects by calculating the ratio between 
both parameters, a rank order of the various calcium an- 
tagonists with respect to their advantage in the therapy of 
patients with heart failure can be established: nubefradil 
(21.26) » verapamil (4.29) > nifedipine (0.71) (Table 1). 
This rank order of potency should be taken into consid- 
eration when patients with impaired myocardial function 
arc treated with calcium antagonists. 

The use of mibefradil, at least with respect to nega- 
tive inotropic effects at relevant concentrations, could 
be advantageous compared with established calcium an- 
tagonists like nifedipine or verapamil The novel cal- 
cium antagonist could be a key substance for the devel- 
opment of a new generation of calcium antagonists, 
which can be used in the therapy of a variety of cardio- 
vascular diseases. 
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SOURCES AND SITES OF ACTION OF CALCIUM IN 
THE REGULATION OF ALDOSTERONE BIOSYNTHESIS 



M.F. flossier, M.M, Burnay, Y. Brandenburgcr, N, Cberradi, M.B. Vallotton 
and A.M. Capponi 

Division of Endocrinology and Diabetology, Department of Internal Medicine, 
University Hospital, Geneva, Switzerland 



ABSTRACT 

The role of free calcium as a crucial intracellular messenger in the stimulation of 
aldosterone biosynthesis by various agonists is well established. Using 
electtopermeabiiized or Ca2+- C iamped adrenal zona glomerulosa (ZG) cells, we have 
previously shown that CV+ entry into the mitochondria] matrix is required for the 
activation of steroidogenesis. We now describe the use of various strategies to answer 
the following questions; I. Which pathway does Ca2+ follow before triggering 
steroidogenesis? 2. Which step of steroidogenesis is under the control of Ca^+? fet 
approach combined the pateh^clamp method, in the perforated patch configuration with 
microfluonmetry ofCa ^ ™ the second approach, 2G cells were transiently transfected 
with a chimeric cDNA encoding for the calcium-sensitive photoprotein aequorin linked 
to a rmtochondriaJ targeting presequence; in a third approach, ZG mitochondria were 
isolated and fractionated into outer membranes, contact sites and inner membranes and 
the effect of prior exposure of the ZG cells to a physiologically elevated intracellular 
calcium concentration or to angiotensin li (Ang II) on cholesterol content was then 
examined in those three mitochondrial fractions. The results of these combined 
approaches allow us to propose the following scheme; The source of calcium which is 
predominantly responsible for mediating the steroidogenic effect of potassium appears to 
be funneled through ihc T-typc calcium channels to close proximity of the mitochondria, 
This signal, as well as Uiat triggered by Ang II, appears to be relayed within the 
mitochondrial matrix. This rise of mitochondrial calcium is associated with a transfer of 
free cholesterol from the outer to the inner mitochondrial membrane, via the contact 
sites. Thus the mam role of the calcium messenger is to promote imnunitochondrift] 
cholesterol transfer and Supply to the P450 SCc enzyme. 
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INTRODUCTION 



Angiotensin II (Ang II) and potassium (K*) are, along with ACTH, the most 
important stimulators of aldosterone biosynthesis in the adrenal 2ona gtomerulosa cell. 
The oytosolic free calcium ([Ca2*] c ) plays, as a messenger triggered by Ang II or K + , a 
central role in the stimulation of aldosterone synthesis in those cells (1-3). In fact, the 
rise of [Ca 2+ ] c has been found previously, in permeabilhed or in Ca^-claroped ZG 
cells, to be accessary and sufficient for the acute activation of aldosterone synthesis 
(4,5), Ang II and K + arc known to activate the Ca^ + messenger system through different 
mechanisms, both relying upon the presence of extracellular Ca2 + . The Ang H-induced 
[Ca2+] c rise is biphasia, with a transient release of Ca2 + from intracellular stores 
followed by a sustained influx across the ceil membrane. The latter process results from 
the combined effects of cell membrane depolarization, with subsequent activation of the 
calcium influx pathway through voltage dependent T-rype and L-type calcium channels, 
and of activation of the uapacitative calcium influx pathway (6,7). The effect of the rise 
of ambient Ca2+ upon aldosterone synthesis in peimeabilized ZG cells has been found to 
be abolished by ruthenium red, a blocker of die mitochondrial calcium uniport (4,8), a 
first evidence that calcium must enter mitochondria to activate steroidogenesis. Yet, at 
that time, the sites of action of calcium and its specific molecular targets in the 
steroidogenic cascade leading to aldosterone production were unknown. Recently, our 
group has been able to limit the target domain for Ca 2+ to the earliest mitochondrial 
steps of steroidogenesis (5). The rate-limiting step of steroidogenesis is the delivery of 
cholesterol from the outer to the inner mitochondria) membrane, which occurs after the 
mobilization of cholesterol from lipid droplets and precedes the First enzymatic step. 
This transport is also known to require de novo protein synthesis. Among the hormone- 
induced, cycloheximide-sensrtive mitochondrial proteins, the Steroidogenic Acute 
Regulatory (StAR) protein, recently cloned, has been proposed as an essential mediator 
of the acute hormone- induced regulation of steroid synthesis (9). The purpose of our 
most recent work was to define more precisely the main sources of the Ca 2+ responsible 
for aldosterone biosynthesis and to pinpoint the site of action of Ca 2+ in the ZG cells. 
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Preparation of Purified_Zona Glomerulosa Cells , Bovine adrenal glands were obtained 
from a local slaughterhouse and glomerulosa cells were prepared by enzymatic 
dispersion with dispase, purified on Percoll density gradients, and used either freshly 
prepared or after three days in primary culture (10). 

Patch Clamp Measurements and Measurement of Cvtosolic Calcium . The activity of 
voltage-activated calcium channels was recorded under voltage clamp in the perforated 
patch or whole cell configurations. For the microfluorimetric measurement of cytosolic 
calcium concentration the fIuo-3 or fura-2 fluorescent dyes were used (7). 
Plasm id Construct, and Transfections . The plasm id used was kindly donated by Drs R. 
Rizzuto and T. Pozzan, University of Padova* Italy. The construct, described elsewhere 
(11), consists of the cDNA encoding the first 33 amino acids of human cytochrome c 
oxidase subunit VIII fused in frame with a cDNA coding for all but the first (start codon) 
amino acid of the mature chem [luminescent aequorin polypeptide. This chimeric cDNA 
was inserted into the expression vector pcDNAl (InVitrogen). Purified bovine zona 
glomerulosa cells in primary culture were transiently transfected using either the 
Itpopolyamine Transfectam® (Promega, USA) or calcium phosphate. Luminescence of 
aequorin was measured as described elsewhere (12). 

Preparation^ ^ of Submitochondrjal Fraction^ After a 2h incubation 

period with either a calcium-clamp or Ang II, the glomerulosa cells were homogenized 
and their mitochondria obtained by differential centrifugation. The mitochondria were 
then disrupted by swelling and sonication and the membranous particles submitted to 
fractionation by ultracentrifugation on a linear sucrose density gradient The cholesterol 
content of each submitochondrial fraction of the gradient was determined by a coupled 
cholesterol oxidase-peroxidase assay (13). 

S»terold_Measuremenfl,t Tht; steroid content of the incubation media was measured by 
radioimmunoassay, using either a commercially available kit (aldosterone, DSL, 
Webster, TX), or[^H]pregnenoJone and an antibody kindly provided by Professor P. 
Vecsei (University of Heidelberg, Germany) (1 4). 
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RESULTS 



Sources of Calcium Responsible for Steroidogenesis . We first examined the relative 
contributions of T- and L-type calcium channels to the elevations of cytosolic calcium 
and aldosterone synthesis induced by potassium. In preliminary experiments we 
observed that the rise in [Ca 2+ ] c elicited upon single coll depolarization (in the 
perforated patch configuration of the patch clamp technique) was completely abolished 
after selective inhibition of the L-type Cft 2 " 1 " currents. This finding suggested that L-type 
channels are exclusively responsible for the Ca2+ signal detected in the cytosol of 
glomerulosa cells stimulated with extracellular potassium. By applying a progressive and 
controlled ramp depolarization to single zona glomeruiosa cell$,.it is possible to activate 
separately first the T-lype calcium channels and then the L-type channels, which can be 
selectively inhibited or stimulated with pharmacological agents. Both current amplitudes 
can thus be represented as a function of the concentration of the various agents. 
Nifedipine, at 100 nM, was found to inhibit selectively the I^type channels (33% of the 
control compared to 93% of the control for the T-type calcium channels). However, at 
concentrations above 1 mM, nifedipine also markedly a£fccted the T-type calcium 
channels. The dmydropyridine agonist, BayK 8644, at 100 nM, activated selectively L- 
type calcium channels (220% of the control compared to 115% of the? control for the 
type calcium channels). The compound zonisamide at 1 mM had only a slight 
preferential effect on the T-type calcium channels (30% of the control compared to 55% 
of the control for Lrtype calcium channels). Tetrandrine, at 10 uM, affected essentially 
the T-type calcium channels (52% of the control) but not the L-type calcium channels 
(more than 90% of the control). Nicardipine, at 10 nM, had a slight stimulatory action on 
T-type calcium channels (130% of the control) but inhibited l-type channels (59% of the 
control). Using these agents, the effect of potassium (12 mM) on the [Ca2+] c measured 
in cell populations widi the fura-2 fluorescent dye and on aldosterone production could 
be dissociated. Nifedipine, which was found to selectively inhibit L-lype calcium 
channels, induced a marked decrease of ICa2+Jc (21% of the control) but minimaJly 
affected aldosterone production (70% of the control). BayK 8644, which stimulated the 
L-typc calcium channels, increased [Ca2+] c (225% of the control) but, simultaneously. 



06/ 16/2 005 11: 37 FA X 301 9 07 674 8 



REASEARCH ASSOCIATES -> Rothwell Flgg DC @006 



3SIERETAL. 



ed the relative 
tosolic calcium 
*periments we 
isation (in the 
ietely abolished 
Sted that L-type 
the cytosol of 
progressive and 
sible to activate 
Is, which can be 
rrent amplitudes 
various agents, 
ids (33% of the 
Is). However, at 
T-type calcium 
:d selectively L- 
ontrol for the T- 
d only a slight 
;ompared to 55% 
fected essentially 
:alcium channels 
ulatory action on 
rmels (59% of the 
Ca^] c measured 
production could 
: L-type calcium 
>1) but minimally 
ich stimulated the 
t, simultaneously, 




SOURCES AND SITES OF ACTION OF CALCIUM 



583 



inhibited aldosterone production (70% of the control). Zonisamide and tetrandrine, 
through selective inhibilion of the T-typc calcium channels, lowered aldosterone 
production (87% and 59% of the control, respectively) with no effect on [Ca2 + ] c for 
zonisamide (102% of the control). Nicardipine, which selectively inhibited L-type 
calcium channels, lowered [Ca 2+ ] c (27% of the control) but not aldosterone production 
(125% of the control). 

Site of Action of Calcium in the Activation of Steroidogenesis . We next examined how 
changes in [Ca 2+ ] c induced by cither Ang II or K + were relayed into the mitochondrial 
matrix where calcium is expected to exert its effect on the first rate-limiting step of 
steroidogenesis. In gloxncrulosa cells transfected with the chimeric aequo rin targeted to 
the mitochondria, we could observe upon stimulation with Ang II (10 nM) a prominent 
transient peak of mitochondrial calcium reaching close to 5000 nM, well above the 
values recorded in the cytosol of cells in which the aecjuorin was confined to the cytosol, 
followed by a prolonged plateau significantly higher than the basal vaJue. Tn the absence 
of extracellular calcium, Ang II stilt induced the first transient peak of mitochondrial free 
calcium concentration which, however, was no longer followed by a plateau. When 
calcium was reintroduced into the medium bathing the cells, only a small sustained 
increase of mitochondrial free calcium concentration occurred. To prove that the 
luminescent probe aequorin had indeed been targeted and was confined to the 
mitochondria, the transfected cells wet* superfused with the uncoupling agent, FCCP. 
Under this circumstance, a complete suppression of the Ang H-induced mitochondrial 
calcium response was observed whereas the cytosolic calcium response to Ang II was 
not affected. Rising the extracellular potassium concentration from 3 to 13 mM induced 
a rapid elevation of mitochondrial free calcium concentration, which remained at the 
level of approximately 450 nM as long as high K + was present and returned to basal 
levels upon lowering the K + concentration to 3 mM or exposing the cells to nifedipine 
(200 nM). 

We addressed in parallel the question of whether calcium or Ang II affected the 
distribution of cholesterol between the outer and the inner mitochondrial membranes. For 
that purpose the bovine adrenal glomerulosa cells were first exposed either to Ang II (10 
nM) or to a high intracellular calcium-clamp in the presence of 2 uM ionomycin, 
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resulting in a [Ca 2+ | c of 600 nM. Aminoghithctimide (500 mM) was included in the 
medium to prevent cholesterol side chain cleavage by the P450$cc After a 2h incubation 
period at 37°C under those conditions, the cells were sedimented and the mitochondria 
fractionated as indicated under Materials and Methods. Three mitochondrial membrane 
populations could be distinguished on the basis of marker enzyme activities: a first peak 
of monoamine oxidase activity, representing the outer membranes, a second membrane 
population with lite highest concentration of cytochrome c oxidase activity, 
corresponding to the inner membranes, and a membrane population of intermediate 
density possessing bom of these enzymatic activities and, in addition, a peak of 
nucleoside diphosphate kinase activity, which is characteristic of the mitochondrial 
intemiembrane contact sites. Cholesterol content was determined in those membrane 
populations. In the m itochondrial fractions obtained from cells exposed to a high calcium 
clamp, one could observe a decrease of cholesterol content in the outer membranes and a 
rise of cholesterol content in the contact sites, extending to the inner membranes. In the 
mitochondrial fractions obtained from cells exposed to Ang II, again a net increase in the 
cholesterol content of the contact sites and the inner membranes was observed. In 
contrast to the response to calcium, oo decrease of cholesterol content occurred in the 
outer membranes. Inhibition of de novo protein synthesis by cycJohexjmide prevented 
the responses to both calcium and Ang I!. 

DISCUSSION 

Bovine glomerulosa cells are characterized by the presence of both low threshold T- 
type and high threshold L-type calcium channels (10,15). Potassium ion depolarizes the 
cell membrane and thereby opens voltage-operated calcium channels. Glomerulosa cells 
display an exquisite sensitivity to extracellular K+ suggesting that low threshold T-type 
calcium channels are primarily involved when K+ concentration is increased within the 
physiological range (16). By contrast, Ang II is known to release calcium from 
intracellular Ca 2+ pools, through generation of inositol- l,4 T 5-trispho$phate .(17). In 
addition, Ang JJ has been shown to induce depolarization by inhibiting some potassium 
conductances and thus could also stimulate Ca^"*" influx through T-type calcium channels 
(3). Another pathway for calcium influx resulting from intracellular Ca 2+ pool emptying 
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has been described in glomerulosa cells (6). This capacitative Ca 2+ influx, originally 
observed in nonexchable cell types (18), can be activated by low concentrations of 
thapsigargm, an agent which leads to emptying of Ca^* from intracellular stores through 
inhibition of the associated Ca 2 +/Mg2 + -ATPa$e. Nicardipine, at concentrations which 
inhibit both T- and L-type voltage-operated calcium channels activity* as measured by 
the patch-clamp technique* inhibited completely the rise of [Ca 2 *] c induced by K+ By 
contrast, nicardipine did not affect the response to thapsigargm and reduced by only 22% 
the calcium influx stimulated by Ang II. This nicaritpmc-insensitive component of the 
latter response was abolished after emptying the intracellular Ca^* stores with 
thapsigargm. As a proof of the secondary role of voltage-operated calcium channels in 
the response to Ang 11, nicardipine only partially inhibited (40%) the Ang Il-induced 
aldosterone production, at a concentration which completely prevented the steroidogenic 
response to K* (6). The data summarized in the present paper suggest a direct link 
between T-type calcium channel activity and aldosterone biosynthesis in response to K + , 
We had already previously shown that tctrandrinc inhibits with a similar potency T-type 
calcium channel activity and aldosterone production (10). Furthermore, using various 
inhibitors of voltage-operated calcium channels, at concentrations affecting selectively 
the activity of T- or L-type calcium channels, we could demonstrate a dissociation 
between (Ca 2+ ] c changes and aldosterone production. Taken together, these results 
suggest a scheme according to which Ca^+ entering the cell through T-type channels is 
the principal mediator of intramitochondrial aldosterone biosynthesis (Fig. 1). 

We have previously shown! using electropenneabilized glomerulosa cells, that 
rising ambient Ca2 + was a necessary and sufficient condition for aldosterone production. 
Furthermore, we observed that ruthenium red, an inhibitor of mitochondrial calcium 
uptake, abolished the stimulation induced by a rise of ambient Ca 2+ , an indication that 
Ca^ + must enter the mitochondria to exert its effect on steroidogenesis (4). More 
recently, we performed studies in Ca^ + -clampcd bovine adrenal zona glomerulosa cells, 
measuring in parallel steroid synthesis and [Ca^+Jc, and reported that Ca2 + levels 
regulated the production of both pregnenolone and aldosterone, but not the conversion of 
1 1-deoxycorticosteroae into aldosterone (5). In addition, Ca 2+ changes did not af&ct the 
formation of pregnenolone from freely diffusible hydroxycholesteroi. The latter result 
indicates thai Ca 2+ acts n\ a step upstream of cholesterol side-chain cleavage. De novo 
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;, FIGURE 1 

Calcium-induced steroidogenesis in adrenal ghmerulosa cells. The abbreviations used 
are the following: Ang U, angiotensin II; AT}, angiotensin II receptor subtype 1; Gq> 
GTP binding protein; PLC, phospholipase C; DAG, diacylglyceral; PKC, protein kinase 
C; V s membrane potential; L and T; Lrtype and T-type voltage-operated Ca 2 * channels; 
IP3, inositol 1,4,5-trisphosphate; Ca 2+ release-activated Ca 2+ channel; Choi, 

cholesterol; StAR 7 steroidogenic acute regulatory protein; P450gcc and P450j jfl/aldo» 
cytochrome P450 side chain cleavage and aldosterone synthase enzyme; Prcg, 
pregnenolone; DOC % deoxycorticosterone; Na + /Ca 2+ 4 mitochondrial sodiwm/calcium 
exchanger. 



protein synthesis appeared to be! involved, as cyclohexitnide, an inhibitor of protein 
translation, blocked the Ca?- + -induc€d pregnenolone production (5). 

Glomerulosa cells transfected with mitochondrial aequorin allowed us to 
demonstrate that Ang II elicited a transient rise of mitochondrial [Ca 2 *3 we I) above that 
observed in the cytosolic compartment This could suggest the existence of a restricted 
microdomain of high [Ca- *] c in" close proximity of the mitochondria, due to the 
presence of Ca 2+ release sites [!ns(l,4,5)P3 receptors]. Moreover, the close correlation 
between T channel activity and aldosterone secretion could be explained by the fact that 
Ca 2+ entering the cell through these channels is fimneled to close proximity of the 
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bbreviations used 
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:C, protein kinase 
5d Ca^ + channels; 
• + channel; Choi, 

nd P450nB/aldo> 
e enzyme; Preg, 
J sodium/calcium 



SOURCES AND SUES OF ACTIO*? OF CALCIUM 5S7 
mitochondria and that this signal is specifically relayed into the mitochondrial matrix 
(Fig. 1). 

The question of the exact site of action and specific molecular targets of calcium 
was then examined using fractionation of mitochondrial membranes. As mentioned 
above, previous studies from our group in electropermeabilized or in Ca^^clamped cells 
pointed to the very early mitochondrial steps of steroidogenesis as likely targets for 
calcium. We examined whether calcium or Ang II affected the distribution of cholesterol 
between the outer and the inner membranes. Indeed, a rise of [Ca2+] c or exposure to 
Ang II led lo a transfer of free cholesterol from the outer membranes to the contact sites 
and the inner mitochondrial membranes. These effects were prevented by exposure of the 
cells to cycloheximide. This indicates that de novo protein synthesis was required for this 
process. One of the most likely candidate protein is the recently cloned StAR protein (9), 
In conclusion, Ca? + enters the zona glotneruiosa cells through distinct pathways, 
depending upon the stimulus applied, and the local rise of [Ca 24 l c is relayed into the 
mitochondrial matrix. One of the niajor functions of Ca^+ appears to be the facilitation 
of cholesterol transfer, via contact -sites, between the outer and the inner mitochondrial 
membranes, thus increasing cholesterol supply to the P450 scc enzyme. 
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Mechanisms of T-type calcium channel blockade 
by zonisamide 
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We investigated the effects of zonisamide. a new ann'epileptic drug, on voltage-dependent T-type calcium current 
(let) in cultured neuroblastoma cells of human origin (NB-I). Zonisamide reduced T-type in a conctntration- 
dependent manner without evoking any change m its inactivation kinetics or voltage dependence or action. The 
mean percent reduction was 38J±5^% at 50 pM. Further, zonisamide shifted the inactivation curve approxi- 
mately 20 m V negative compared to the control. These resting blocking actions suggest that zonlsamide shifts the 
channel population toward the inactivation state, allowing fewer channels to open during membrane depolariza- 
tion. The blockade of T-type calcium channels by zonisamide could suppress an important component of inward 
current that underlies epileptiform cellular bursting, thereby inhibiting the spread of seizure activity. 

Key words: zonisamide; absence seizure; calcium channel currents; whole-cell damp recording; human neuroblas- 
toma cell line 



INTRODUCTION 



Zonisamide (ZNS; 1 J-ben2isoxazole-3-methane- 
sulfonamide; AD-810; CI-912), a derivative of 
S-C^lf^oylmethy^'l^-benzisoxazoIe* is a mem- 
ber of novel class of anticonvulsants. ZNS has 
been proven effective m the treatment of both 
partial and generalized seizures 1 * Studies of its 
cellular mechanisms of action, especially its 
effects on ionic channels, have shown that ZNS 
blocks the sustained firing of action potentials 
recorded mtruceljularly in cultured spinal cord 
neurons 2 , and that it affects the steady-state 
inactivation of sodium channels 5 . Recently* Su- 
zuki et at reported that ZNS blocked T-type 
calcium channels in cultured rat cerebral cortical 
neurons- We have also reported that ZNS reduces 
T-type lea in human neuroblastoma celts 5 . 
Unfortunately, the mechanisms whereby ZNS 
exerts its action on calcium channels are incom- 
pletely understood. In this study, we examined 
the effects of ZNS on T-type 1^ in the human 
neuroblastoma cell line NB-I. We used a whole- 
cell voltage-clamp technique, recording in regard 
to two points: (1) concentration dependent 



blockade by ZNS of T-type 1^ and (2) the effects 
of ZNS on T-type calcium channel inactivation. 



METHODS 
Cell culture 

The human neuroblastoma cell line NB-I estab- 
lished by Miyake tt at was used 6 . Cells were 
cultured in RPMI 1640 medium, pH7.4, supple- 
mented with 10% fetal calf serum at a tempera- 
ture of 37C NB-I cells were replaced on a small 
glass-covered culture dish and incubated for two 
to seven days before use- 
Recording conditions 

Whole cell recording by the patch-clamp tech- 
nique, was used to record T-type Id in the 
neuroblastoma cell membrane undLer the voltage- 
clamp conditions 7 . The cut-off frequency of the 
recording system was 700 Hz. The recording 
chamber (bath volume 02 ml) in which NB-I 
cells were fixed was perfused via a gravity-fed 
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perfusion system at a rate of 2 mj/min. T-type Ic* 
was evoked by applying step-depolarization of 
400 ms duration from -100 mV to +80 mV in 
10-mV steps from a holding potential of -80 mV. 
Experiments were carried out at room tempera- 
ture (22-25*0). 

The normal external medium used contained, 
in mM:Naa 36.7, BaCfe 51.2, MgCl 2 1.18, 
ghicose 11-8, HEPES-Na 10.0, tctraethylam- 
monium chloride (TEA) 23.6, and tetrodotoxin 
(TTX) 3 x 10"*, at pH 7.4. The patch pipette was 
filled with a solution containing, in mM:Cs-ASP 
1062, Cs£t 23.6, MgCfe 4.95, ATP-Na^ 4,95, 
EGTA 9.9, HEPES-Na 4.95, and CaCl 3 126, at 
pH 7.0* The resistance of the patch pipette in the 
normal external solution was between 3 and 
5 Mil Ba 2+ was used in the normal external 
solution since it is more permeable to Ca 2 * 
channels and the amplitude is easier to analyse 
than with Ca 2 +* 

ZNS was dissolved in dimethyl sulfoxide 
(DMSO) and this solution was added at various 
ZNS concentrations, to the normal external 
solution. The final concentration of DMSO was 
05%, at which concentration DMSO inhibited 
T-type Ic* by 4 3 ± 43% (n = 5)* To differentiate 
the effects of DMSO and ZNS, the concentration 
of DMSO was maintained at 05% in all test 
solutions. The effect of 0.5% DMSO was taken 
into account when we calculated the percent 
inhibition in the experiment. 

Approximately 50% of ZNS is bound to plasma 
proteins. Free plasma levels of ZNS are equal to 
those in cerebrospinal fluid (CSF). The physio- 
logically relevant concentrations are presumed to 
be closer to the free brain concentration, which, 
in turn, is thought to be equivalent to CSF levels 9 . 
The therapeutic level of ZNS is 50 mm 
(212/ig/mi) 1 . In this study, we used ZNS at a 
concentration of 50 mm. 



Data recording and analysis 

The membrane currents recorded in the whole 
cell clamp mode, with a pre-amplifier (CEZ 2300; 
Nihon Kohden, Tokyo, Japan) were fed to a 
12-bit analog-digital converter in a personal 
computer (IBM, USA). The computer was also 
used to control the membrane potential. Data 
were plotted as the current-voltage relationship 
(I-V curve) and the amplitude was analysed 
before and 5 minutes after the application of 
ZNS, and after ZNS had been washed out Data 
were analysed with the PCLAMP version 5.51 
(Axon Instruments, Inc., USA) k and numerical 
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values were expressed as means ± SEM. Wilcoxon 
analysis was used in the statistical analysis, 



RESULTS 

Characterization of T-type 1^ 

T-type Ic was activated by depolarizing poten- 
tials exceeding -50 mV and reached a maximum 
at OmV. T-type lc, was rapidly inactivated during 
depolarizing test potential and its time constant at 
-10 mV test potential was 22.5 * 5.7 ms (Fig, 1). 
Ni a+ at 100 inhibited T-type Ic by 82.6 ± 
15.3% (it - 6). On the other hand, Cd*+ had little 
effect on T-type Ic (1 1.4 ±32% at 100 mm, 
n = 7). La ,+ at 10 mm inhibited T-type Ic by 
24.3 ± 5.5% [n = 4). Nifedipine' 0 at 10 mm inhib- 
ited T-type leg by 20.6±0-6% (n=3). u- 
CgTX M 5 mm inhibited T-type Ic* by 12.9 ±7.6% 
(« = 5). At a concentration of 10 mm, Bay K 
8644" did not enhance the T-type 1^ (n-5). 
T-type Ic was detected in 72.8% of NB-I cells 
examined (/? = 87). 



Effect of ZNS on T-type 

At a concentration of 100 mm, ZNS inhibited 
T-type lc by 83.8%, but its innervation kinetics 
was unchanged and the voltage dependence of 
current activation was not altered (Fig. 1). Figure 
2 shows the results of the concentration-response 
experiments. ZNS reduction of T-type Ic was 
concentration-dependent The percent inhibition 
exerted by 50mm ZNS was 383 ±5.8% (it =5). 



Voltage dependence of T-type calcium channel 
inactivation 

Voltage dependence T-type calcium channel 
inactivation was tested with another series of 
experiments. Ic was evoked by applying 350-ms 
prepulse from a holding potential of -100 mV, 
between -120 mV and +40 mV, in 10-mV steps, 
followed by a test potential to OmV. Relative 
peak amplitudes of the inward currents were 
plotted against the voltage level during the 
prepulse. T-type calcium channel inactivation was 
strongly inhibited between -90 mV and -20 mV, 
and was completely inactivated at +10mV 
prepulse. The data points for T-type Ic were 
fitted with a continuous smooth curve derived 
from the Boltzmann equation with a mid-point of 
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H$. 1: Effects oi ZNS on T-type and on the curTem-vottage relationships of 1^ Typical inward c^rents ovoked by applying 
step^epdarizafon-rrDm holding potentials of -eamvto the te$t potent indicated. Tha aimar* was measured before and 5 
minutes after the appficaton of ZN$ and $ minutes after the wash out of ZNS. ZNS (100 mm) Inhibited T-type 1^ by 83.8%> but 
inactivation Kinetics was unchanged and the voltage-dependence of current activation was not altered. 



-50.4 ± 1.5 mV and slope parameter of 14.8 ± 
UraV (n=4: Fig. 3). T-type calcium channel 
inactivation exerted by ZNS was strongly 
inhibited between -100 and -40 mV; and 
completely inactivated at OmV prepulse. The 
data points for T-type calcium channel 
inactivation by ZNS were also fitted with a 
continuous smooth curve derived from the 
Boltzmann equation, with a mid-point of 
-69.8 ± 2.1 mV and a slope parameter of 1Z5 ± 
0.8 mV (n = 4; Fig, 3), The membrane potential 
at half inactivation for ZNS was about 20 mV 
more negative than that for control (F<0.01, 
Wilcoxon analysis). 

DISCUSSION 

ZNS, one of a novel class of of benzsoxazole 
anticonvulsants, has been proven effective in the 
treatment of simple/complex partial seizures and 
secondarily generalized tonic-clonk seizures, 
generalized tonic-clonic seizures, tonic seizures, 



atypical absence seizures and a combination of 
these 1 . The mechanism of action of ZNS, in 
particular, its effect on ionic channels, is incompl* 
etely understood. Schauf et al 3 reported that 
zonisamide enhanced slow medium inactivation 
in Myxicola* Suzuki et d 4 reported that zonisar 
mide blocked T-type calcium channel in cultured 
neurons of rat cerebral cortex. Recently, we also 
reported that ZNS blocked T- and L-type 1& in 
cultured human neuroblastoma cells?. 

Recent reports have demonstrated that there 
are at least three types of Ca 2 * channels in 
neuronal cells*- 10 ' 13 . Calcium channels play im- 
portant roles in the regulation of many cellular 
functions, including excitability, transmitter re- 
lease, contraction, metabolism, and gene 
expressions 14 . The T-type calcium channels may 
be involved in a near-threshold membrane 
potential. For example, they may speed up the 
rate of depolarization to the threshold potential 
after neuronal hyperpolarization. Suzuki ct a/ 15 
reported that T-type Ca 3 * channels mediated the 
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Tig. 2: PlOtt 0* ZNS concentration (togarUhmic scale) vs, 
pefcentage inhtoition of T*type 1c (error bars show : 
mean ± SEM of 0*ie number of CODS per poinl). The percent 
inhibition was calculated for the transient inward current 
(measured et the peak) eEdtsd by a OmV command. Since 
0.5% DMSO in the balh solution reduced Ttype fc* by 4-3%, 
the percent inhibition tn the plot represents nominal . . 
nh&ition minus 4.3%. The curve for T-type which wee 
fitted to the data by eye, was constructed from (he standard 
Conc^itratron-nKportse equation, This equation assumed 
one-to-one stotehiometry between 2NS concentration and 
effect on T-type t^. 



transition between tonic and phasic firing m 
thalamic neurons. The blockade of T-type Ic 
may play a role un the depressant action of such 
anitiepiieptic drugs a$ phenytoin, valproic acid* 
and ethosuxtmide on repetitive neuronal firing, 
and may thereby contribute Co their efficacy in 
suppressing epileptic discharges'"*. Since etho- 
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suximide and valproic add are antiepileptics, it is 
thought that the T-type calcium channel is 
involved in the generation of absence seizures. 
This study has shown that ZNS suppresses T-type 
Ie, without altering its inactivation kinetics or 
voltage dependence. Two different aspects of 
T-type calcium channel blockade were 
distinguished. The first aspect was a resting 
blockade in which ZNS blocked T-type Ic* in a 
concentration-dependent manner. At a close 
equivalent to the therapeutic level, ZNS (50 mm) 
inhibited T-type lc. by 38.3 ±5,8%, a result 
similar to the findings of Suzuki et The second 
aspect was that ZNS enhanced steady-state 
inactivation. ZNS (50 ^m) shifted the T-type 
channel inactivation curve approximately 20 mV 
to the negative compared with the control. 

In conclusion, ZNS inhibited T-type Iain a 
concentration-dependent manner, and it en- 
hanced steady-state inactivation. The blockade of 
T-type calcium channel* by ZNS could suppress 
an important component of the inward current 
that underlies epileptiform cellular bursting, 
thereby inhibiting the spread of seizure activity. 
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Fig. 3: Voltage-dependence of T-type calcium channel 
ttacttvaitai. The test pulses for the activation oi T-type 
calcium currents (350 ms. 0 mV) were preceded by 35tkn$ 
conoltioning put$es to various membrane potentials (inset). 
Current amplitudes, normalised to the value obtained with a 
last put$a of 0 nw, were plotted as a function Of conditioning 
potential. Tha application of 50 mm ZNS produced a 
hyperpotariring ghftt of about 20 mV In the T-type calcium 
channel Inactivation curve. 
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T-Type Calcium Channels Facilitate Insulin Secretion by 
Enhancing General Excitability in the Insulin-Secreting 
j3-Cell line, INS-1* 
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ABSTRACT 

The present study addresses the function of T-type voltage-gated 
calcium chaimols in ia&tlin»&3cretxiig cells. We used whole- will voU> 
age and current Tecordinge, capacitance measurements, and RIA 
techniques to determine Lhe contribution, of T-typo calcium rfliantmlM 
in modulation of electrical activity and in stimuhi3-?OCTCtion coupling 
in a rat inBulin Recretiiig' ceil line, INS-L By employing a double pulse 
protocol in the current^clamp mode, WG found that activation of T-typo 
calcium channels provided a low threshold depolarizing potential that 
decreased the latency of onset of action potentials and furthermore 
increased the frequency of action potentials, both of which arc abol- 



ished by administration of nickel chloride (NiCla), a selective T-type 
calcium channel blocker. Moreover application of high frequency 
stimulation, as compared with low frequency stimulation, caused a 
greater change in membrane capacitance (ACm), suggesting higher 
msulin secretion. We demonstrated that glucose stimulated fagnifa 
secretion, m INS-1 is reduced dose dependemly byNiCl^. We conclude 
that T-type calcium channels Jacil rtate insulia secretion by enhancing 
the general excitability of these cells. In light of the pathological 
effects ofboth hypo and hyperinsTumemia, the T-type calcium channel 
may be 3 therapeutic target {Kndocrinohgy 138: 3735-3740, 1997) 



GLUCOSE-INDUCED electrical activity in pancreatic 
j3-cells b thought to involve slow waves of membrane 
depolarization on which action potentials are superimposed 
(1). Plateau depolarization is initiated via blockade of the 
ATP-sensitive potassium channels causing trains of calcium- 
dependent, tetrodotoxin-insensitive action potentials (2). 
This has been the hallmark of electrical activity in mouse 
pancreatic J3-ceJIs. The trains of action potentials represent 
the opening and closing of the voltage-dependent L-type 
calcium channels, major calcium signaling channels also 
found in neurons and muscle cells. The secretion of insulin 
has been shown to be dependent on increases in intracellular 
calcium concentration (3-6), and it has been proposed that 
the metabolism of glucose will cause depolarization of the 
cell to membrane voltages that will activate the L-type cal- 
cium channels and, therefore, facilitate insulin secretion. Re- 
cently, however, it was demonstrated that the electrical ac- 
tivities in human pancreatic j3-cells are much more complex 
because of the prominence of additional inward voltage- 
dependent ionic currents, namely sodium and T-type cal- 
cium currents (7). 

The roles of low voltage-activated T-type calcium channels 
in insulin stimulus-secretion coupling have not been prop- 
erly assessed, in part because Ihese channels arenot normally 
expressed in the mouse model. A slow deactivating calcium 
current in rat pancreatic j3-ce[ls was reported (8, 9) and more 
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recently the presence of T-type calcium channels was dem- 
onstrated in human 0<ells (10, 11). The low voltage activa- 
tion of these calcium channels suggests that they may piay 
a pacemaker role (t 2). T-type calcium cu rrents have also been 
shown to trigger burst firing and increase the number and/or 
frequency of action potentials in neurons (12-14), 

In the present study we have investigated the roles of 
T-type calcium currents in stimulus-secretion coupling in 
INS-1 cells by using conventional whole-cell as well as per- 
forated whole-cell, patch clamp teclxnjques. INS-1 is a stable 
rat p-cell line that responds to glucose at a physiological 
range of concentrations (15-17). INS-1 cells express a con- 
siderable level of L-type calcium current as well as T-type 
calcium current. Because human /3-cells demonstrate similar 
calcium current profiles, the INS-1 cell line then becomes a 
suitable model for j3-cell electrophysiology studies. In this 
communication we tested the hypothesis that the T-type 
calcium current participates in the generation of rhythmic 
activity and facilitates bursting of action potentials in INS-1 
and, therefore, the T-type calcium current is an enhancer of 
insulin secretion. 

Materials and Methods 

RIA 

The assay is based on the competition between unlabeled insulin nnd 
a fixed amount of "*I-labeled insulin for a limited number of insulin- 
antibody (LINCO Research Inc., St. Charles, MO) binding sites (18). With 
fixed amounts of antibody and radioactive ligand, the amount of ra- 
dioactive ligand bound by the antibody will be inversely proportional 
to the concentration of added nonradioactive ligand. The separation of 
antibody-insulin and free insulin was achieved with centrifugatlon (3000 
rpm, 20 min) and deeantation of the supernatant. Measurement of the 
radioactivity in the pellet enabled the amount of labeled uwulin in the 
bound fraction to be calculated. The concentration of unlabeled insulin 
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in the sample was then determined by interpolation from a standard 
curve. 

Cell Culture 

INS-1 cells were kindly provided by Dr. Barbara E. Corkey (Boston 
University). This cell line was cu I tuf ed in KPMI 1640 medium containing 
10% FBS, 25 U/ml penicillin, 25 m$/mi streptomycin and 50 uto mer- 
captoethanol (15) in an atmosphere of 5% CO* in air, at 37 C, for 2-5 days 
before recording. HJT-T15 cells wore cultured under identica I conditions 
except media was not supple ranted with rxiercnptoethanoL 

Electrical recordings and data analysis 

Whole-cell voltage- clamp^ current-damp and capacitance measure- 
ments were carried out by the Standard giga-Beal patch clamp method 
(19). The whole-cell recording pipettes were made of hemo capillary 
tubes (Fisher Scientific, Pittsburgh, PA), pulled by a two -stage puller 
(P-30, Sutter Instrument, Novate, CA) and heat-polished before use. 
Capadtance measurement recording pipettes Were coated with Sylgard 
(Dow Corning, Midland, MI), with the dipping-in method as previously 
described (20). Pipette resistance Was in the range of 2-5 MO in our 
internal solutions. The voltage-clamp and current-clamp recordings 
were performed at room temperature (22-25 C), while Capacitance mea- 
surements were performed at more physiological temperatures (32-35 
C). An EPC-9 patch-clamp amplifier (HEKA Elektromlc, Laaibrecht/ 
Pfalz, Germany) filtered at 2.9 kHz was used, and data were acquired 
using Putse/TulseFit software (HEKA). Voltage-dependent Currents 
have been corrected for linear leak and residual capadtance by using an 
on-line F/n subtraction paradigm. 

Solutions for recording 

For whole-cell voltage-clamp recordings, the extracellular solution con- 
tained (in mil): 10 CaCI^ HO tetaemytarnmonrum CI (IEA-Cl), 10 CsCl, 
10 N-2-lydrOxyethyIpipera^ne-N^ add (HEPES), 40 su- 

crose, 0.5 S,4-dianiinopyrldine, at pH 73. For steady-state inactivation ex- 
periments, a bath solu rion containing CmrnM) 2 CaC^, 120 NaCI, 15 HEPES, 
30 TEA-C1, and 1 um tetrode toxin (TTX) was used. The intracellular SO* 
lurion contained Cm mM); 130 W-memyl-D-glucarnliie, 20 EGTA (free add), 
Sbis^-arninophenoxyJcthane-W, N,W^'-tetraacetate (BAFTA), 10 HEPES, 
6 MgCl 2 , 4 Ca(OH)2, withpH adjusted to 7.4 with methanesulfbnate. A 
concentration of 2 mM ATP waa induded in the intracellular solution to 
prevent run-down of Ca 24 " currents. For current-damp recordings, the 
perforated-patch pipette solution contained (in him): 140 KCl 10 Nad 2 
MgQ 2( 5 HEPES, and 0.24 mg/a\l airiphotexidn B,pH7.4. The b3 th solution 
contained 1 50 NaCI, 5 KG, 2 CaCfe, 1 MgCl^, 5 HEPES, and 30 Sucrose, pH 
73. For capadtance measurements, the pipette solution contained 130 Cs- 
aspartate, 30 HEPES, 2 MgG 5 , 10 CsCl, pR 7.4, The bath solution contained 
110 NaO, 5KC1, 2 CaCl* } MgCl 2 , 20 HEPES, and 40 sucrose, pH 7.4. 

Results 

Two types of voltage-dependent calcium currents have 
been recorded in INS-1 cells as shown in a representative 
family of calcium currents in an INS-1 cell (Fig. 1 A). The cell 
was held at -80 m V and test potentials, with duration of 200 
msec, were applied from -50 to 0 lnV, The traces show the 
presence of both low voltage-activated (T-type) and high 
voltage-activated (L-type) calcium currents. INS-1 cells con- 
sistently exhibited T-type calcium current. 

As a low voltage-activated channel, the voltages that are 
required for both activation and inactivation of the T-type 
calcium channel are more negative than that of high voltage- 
activated calcium channels. To determine the possibility that 
T-channe)$ are in the noninactivated state at cell resting 
membrane potentials, we characterized the steady-state in- 
activation of the T-type calcium currents in INS-1 cells (Fig. 
IB). Representative cells (n = 3) were given varied prepulse 
potentials (-90 to -40 mV) of 1000 msec duration then 
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FlG. 1. A, Representative family of calcium currents in on INS-1 eel). 
B, Hot of Sfteody-3tate inactivation of calcium currents from INS-1 
cells. The obtained currents at this test pulse wore then normalized 
to the maximal current and plotted. C, The inhibitory effect of NiCl a 
on T-type calcium currents in INS-1 cells (n = 4), Concentration 
dependent block of T-type and L-type currents were normalized to Lhe 
maximal currents. Error bora represent SEM, 

immediately stepped to a test potential of -30 mV for 100 
msec in bath solution containing 2 mM CaCI 2 to negate sur- 
face potential effects. Currents obtained at this test pulse 
were then normalized and plotted. A test potential of -30 
m V was chosen because the predominant calcium current is 
T-type. Note that at potentials negative to -65 mV, approx- 
imately 90% of the T-iype calcium channels are activated 
whereas at -50 mV less than 40% are activated. This sharp 
and less negative steady-state inactivation resembles the in- 
activation properties of T-type calcium current in other en- 
docrine cells (21, 22). 

It has been shown that nickel blocks T-type calcium chan- 
nels in pancreatic p-cells and in other cell types (12, 23-25). 
The ability of NiCl 2 to selectively antagonize T-type caldum 
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cxuzents w. L-lype calcium currents was also examined in 
TNS-1 cells (Fig. 1C) in a dose-dependent fashion. Increasing 
concentrations of NiCl 2 were perfused into the recording 
chamber and the current amplitudes were measured. For 
testing the effects of NiCI 2 on T-type calcium current, the cells 
were held at -SO mV with a test pulse applied at -30 mV. 
To test the effects of NiCl 2 on L-type current, the cells were 
held at -40 mV witha test puke applied at +10 mV because 
the calcium current at this voltage comprises mainly of Li- 
type calcium current. Nickel chloride is a very selective 
blocker of T-type calcium current (IQo ™ 20 jum) as much 
higher concentrations of NiCl 2 are required to block L-type 
calcium current. 

We determined, the role of T-type calcium current on INS-1 
cell electrical activity, using the perforated variant of whole 
cell current-clamp technique. By applying preceding hyper- 
polarizing current pulses, we obtained slow rising and fall- 
ing triangle-lite potentials, or low threshold spikes (LTS) 
(Fig. 2). The amplitude and rising rate of the LTS were in- 
creased as the preceding hyperpolarization was increased. In 
this set of experiments, the extracellular solution contained 
2 JW.M tetradotoxin and 10 mm of nifedipine to block voltage- 
sensitive sodium channels and L-type calcium channel re- 
spectively, The effective hyperpolarizing voltages ranged 
from -60 mV to -80 mV, corresponding to the steady-state 
inactivation potentials of T-type calcium channel; therefore, 
this LTS is most likely the result of the deinactivation of 
T-type calcium channel in the cells. 

The function of the LTS may be to provide a pacemaker- 
like intermediate potential that triggers action potential gen- 
erated by activating sodium channels and/or L-type calcium 
channels. To test the effects of the LTS on action potential 
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Pm. 2. The gcDsmion of LTS m iNS-1 colls. Membrane potentials 
were recorded in current' clamp mode using LHb perforated-patch vari- 
ant of whole-cell patch clamp, {^receding lryperpoltiriziag current 
pulses, with rncTftaarn^ magnitude (indicated by arrows) wero applied 
resulting in slow rising And falling triangle-like potentials, or LTS. 
The extracelfu lar solution contained 1 £0 mM NaCi, 2 mM CaClg, 2 /aM 
Letradotoxin, and 10 fiM nifedipine. 



generation, we used a double pulse protocol (Fig. 3). This 
protocol consists of two identical depolarizing test pulses 
with an intervening hyperpolarizing pulse, preceding the 
second test pulse. The first test pulse generates a control 
potential, and the second test pulse generates a similar con- 
trol potential plus a new component of membrane potential 
attributed to T-type calcium channel deirtactivation pro- 
duced by the hyperpolarizing pulse. To eliminate the time- 
dependent variation of membrane potential during the cur- 
rent clamp recording, the double puke protocol was 
employed to ensure an internal control for every voltage 
recording sweep. The current was clamped in the cell such 
that the membrane potential remained between -50 to -60 
mV. At these potentials,, a large proportion of T-type calci u m 
channels should be inactivated. For example, a 1 pA test 
pulse is not enough to generate an action potential in pulse 
one, but when the cell is hyperpolarized, an equivalent 1 pA 
test pulse elicited an action potential in pulse two (Fig. 3). A 
hyperpolarization to a membrane potential near -SO mV 
should deactivate all the T-type calcium channels (Fig. IB). 

The effect of the LTS on action potentials was examined 
directly with the double pulse protocol. This time a test pulse 
was administered sufficient to generate at least one action 
potential in the first pulse (Fig. 4A). The number of action 
potentials after hyperpolarization is greater in the second test 
pulse. The more depolarized membrane potential due to the 
LTS may facilitate the initiation of action potentials. 

It was also observed that the time it takes to generate the 
first action potential in the first test pulse was longer than 
that in ihe second test pulse. This time was defined as latency 
of onset of action potential and pooled data (n = 40) from 
eight cells determined that the latency was greater in test 
pulse one than test pulse two (Fig. 4B). These results dem- 
onstrate that T-type calcium current decreases the latency of 
onset of action potential and increases the number of action 
potentials. 

To further establish that T-type calcium current enhances 
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FiO. 3. Representative trace of the double pulae protocol in ail INS- 1 
cell. The current was clampod sxicb that tlic membrane potential 
rsiiiouied between -65 and -60 mV. "ftoth teat piilfce-5 were of 1 pA 
magnitude- 



Downloaded from endo.endojoumals.org on June 15, 2005 



06/15/2005 18:09 FAX 301 907 6748 



REASEARCH ASSOCIATES Rothwell Figg DC ©005 



3738 FTJNCTION OF T-TYPE Ca 2+ CHANNELS IN INSULIN SECRETION v ftdo • jw? 

VpI 1138 • N« 9 



mV 




0 

pA -io 
-20 



400 



2 3 4 
Second 



ms 



200 



Pulse 1 



Pulse 2 



Fig. 4. The LTS increases tlie freqflienqy of action potentials. A, A 
current (2 pA) was injected sufficient to generate at least one action 
potential in the teat pulse one. B, Comparison of latencies of ousel of 
action potentials between test pulse one and test pulse two wjtb £be 
double-pulse protocol (8 cells, n - 40 traces). Error bars represent SEM. 
The asterisk represents P ■= 0.0 1 with Student's t teat. 

cell excitability, we administered 100 /lm NiCl 2 to effectively 
block T-rype calcium channels. In contrast to the control 
experiments, NiCl 2 caused a delay in the onset of an action 
potential in the second test pulse (Fig. 5A) and a decrease in 
number of action potentials during the second test pulse. The 
averaged difference between latencies of action potential 
onset in test pulse one and two, defined as A latency, was 
taken under conditions with and without application of 
NiCl> NiCk caused an averaged 100 msec greater latency of 
action potential onset in test pulse two, indicated by a neg- 
ative A latency (Fig. 5B). 

The time it takes to charge the membrane capacitor after 
hyperpolarization may contribute to this negative A latency. 
Theoretically, the time course of the membrane capacitance 
discharge can be calculated by the following equation (26): 
E = "Eoe~ I/Rt , where the membrane potential (E) at any 
moment is inversely proportional to the time (t) of discharg- 
ing with the time course (7 = RC). Fur the 1NS-1 cells, the 
membrane resistance (R m ) is approximately 3 giga-Ohm; tlie 
membrane capacitance (CnJ is averaged 20 25 pF, therefore 
the r is estimated to be 60 msec in our experimental condi- 
tions. If we assume that the T-type calcium channel activation 
threshold is approximately -55 m V, the A latency for charg- 
ing the membrane from first pulse (-60 mV) and the second 
pulse (-S0 mV) can be estimated. The estimated A latency is 
between 96 and 120 msec, which fits roughly with our ex- 
perimental data. The effect of T-type calcium current on 
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latency (Fig. 4B) in our model then, is an underestimate value 
based on the inherent nature of membrane capacitance. 

It has been demonstrated that a single action potential is 
sufficient to evoke a transient rise in ICa 24 "]^ in mouse j^-cells 
(27). Higher frequency of action potentials has been dem- 
onstrated to cause a greater and longer rise in [Ca 2 ' ] 5 and 
increases in 0-cell exocytosis (28). in our system, we mea- 
sured changes in membrane capacitance in response to two 
different stimulation frequencies, mimicking the electrical 
activity in these cells as an index of exocytosis. This uses the 
fact that exocytosis involves fusion of the secretory granules 
wi£h the plasma membrane, resulting in an increase in the 
cell surface area. Cells were held at -60 mV and then re- 
petitive depolarizations to 0 mV, each a duration of 10 msec 
were applied for 3 sec. The low frequency stimulation con- 
sisted of 10 pulses/ sec, and the high frequency stimulation 
consisted of 20 pulses/ sec and both stimulations were ap- 
plied to the same cell (Fig, 6A). High frequency stimulation 
caused a greater increase in membrane capacitance com- 
pared with low frequency stimulation, suggesting that more 
secretory vesicles fused to the membrane with high fre- 
quency stimulation. Pooled data torn 12cell$of approximate 
equal size demonstrated that high frequency stimulation In- 
duces a greater change in membrane capacitance than low 
frequency stimulation {Fig. 6B). This should be expected 
because high frequency stimulation will lead to higher cy- 
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FIC 6. A, Representative trace of changes in membrane capacitance* 
{one measurement of coll capaiatanuG for every S sec) in an INS-1 cell 
wheal two different stimulations were applied to the same cell Cells 
were held at 60 mV and then repetitive depolarizations to 0 mV, 
each a duration of 10 msec wje applied fbr every 3 sec. The low 
frequency stimulation consisted of 10 pulses/sec, and the high fre- 
quency atiTmjlainooa consisted of 20 pulses/sec B, A high frequency 
stimulation induces a greater change ia membrane capacitance than 
a low frequency stim\llation (n = 12 colls). Data were collected with 
low frequency pulse applied first and also in the reverse order. Error 
bars are SEM. The asterisk represents P z= 0-01 with Student's t test 



tosolic calcium concentrations and will likely facilitate more 
secretory vesicles fusing to the membrane. 

To directly demonstrate the role of T-type calcium current 
in glucose-stimulated insulin secretion, we incubated INS-1 
cells with 11.1 xxim glucose and 0, 3 f 10, or 30 u,m NiCl 2 and 
measured the insulin release using a standard RIA (Fig, 7A). 
NiCl 2 reduced insulin secretion in a dose-dependent manner. 
On the other hand, clonal hamster-secreting cells (HTT-T15), 
which do not consistently exhibit T-type calcium current (29), 
were not affected by 30 NiCl 2 (Fig. 7B). This suggests that 
T-typecalcium current in TMS-1 cells sigjuficantly contributes 
to glucose-stimulated insulin secretion. 

Discussion 

In this study, we ha ve deterrnined a role for T-type calcium 
channels in stimulus-secretion coupling. The double pulse 
protocol we employed demonstrated the effects of T-type 
calcium current in altering the electrical activity of INS4 
cells. We believe that T-type calcium currents have a per- 
missive role and contributes to the depolarization of the 
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Fig. 7. A, The dose-dependent effect of nicM 
INfcV 1 cells. Cells were placed in a medium containing 11.1 mM jjIucobb 
for 1 h with and without NiCl-j. B, The effect of 80 /iM nickel on 
HIT-T5T cells- Insulin release was determined by a standard RIA. 
Numbers above bars represent the numbers of independent experi- 
ments performed. Error bars represent m 

membrane, allowing for activation of the L-type calcium 
channels. The true contribution of T-type calcium current 
may be seen in the intermittent repola tiding phases of the 
glucose-induced electrical activity cycle. The low threshold 
spike may give rise to the plateau potential. Ultimately, T- 
type calcium channels may play a pacemaker role especially 
at postabsorptive glucose levels. 

The resting membrane potential of INS-1 cells has been 
reported to be between -72 and -80 mV (17, 30) and 15 mM 
glucose depolarizes the cell to approximately -56 mV. Based 
upon the voltage-dependent inactivation curve obtained for 
T-type calcium channels in INS-1 cells, we can conclude that 
T-type calcium currents are a significant contributor to the 
underlying electrical activities of INS-1 cells in the physio- 
logical range of glucose concentrations. Indeed, the voltage- 
dependent inactivation profile for the T-type calcium current 
in INS-1 cells is very similar to other endocrine cell types, 
where a very large proportion of the channels are still avail- 
able for conducting current at voltages negative to -55 m V. 

T-type calcium current mediated LTS has been demon- 
strated to play a critical role in regulating the rhythmidty in 
the thalamic neuronal network (31). In that system, each 
action.potentiai is followed by a marked after-hyperpolar- 
ization (A-HP), which provides a potential required for dein- 
activation of T-type calcium channels. In INS-1 cells, how- 
ever, no such A-HP is seen during the repetitive firing. The 
function of T-type calcium current may be to provide a small 
but sustained depolarization which facilitates higher firing 
frequency. 

It has been demonstrated that 100 iite nickel chloride re- 
duces the frequency of action potentials in human £-celis (7). 
In our experiments, we observed that low ccmcentrations of 
NiQ 2 reduced the number of action potentials in TNS-1 eel Is. 
The underlying mechanism responsible for this effect is un- 
clear. It is possible that the T-type calcium current in £-cells 
undergoes voltage-dependent potentiation as is seen in other 
cell types (32, 33). Further T-type calcium current recruitment 
upon strong depolarization may facilitate the firing of sub- 
sequent action potentials and thus increase cell excitability. 

We have only addressed the contribution of T-type caJ- 
cium current in terms of electrical activity. The amount of 
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calcium that enters via T-type calcium channels will also be 
significant for secretion, particularly to vesicles that are in 
close proximity to the membrane. For example, a calcitonin- 
secreting cell line has been shown to only possess T-type 
calcium channels and not L-type calcium channels (21). The 
T-type calcium channels in this cell type are the major Ca 2 ' 
signaling channels for secretion. It is conceivable that T-type 
calcium channels facilitates much of the calcium entry (un- 
published observations) at lower glucose concentrations. 

It has been shown that T-type calcium current are impor- 
tant for neuronal and cardiac electrical activities (34-40). The 
functions of T-type calcium channels in endocrine cell types 
have also been emerging (21, 22, 41, 42). The functions of 
T-type calcium channels in pancreatic £-cells have largely 
"been overlooked due in part to the choice of j3-cell models. 
It has been well documented that the mouse model does not 
exhibit T-type calcium current The INS-1 cell line responds 
normally to glucose, and the presence of T-type calcium 
channels may indicate that this model is suitable for eleo 
trophysiology studies since T-type calcium channels are 
prominent in human pancreatic jfcVcells, 
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Calcium Channel Blockers 



Recommended Reading 

• Goodman and Gilman (9th ed.V Chapter 32. pp. 161 -11 A or 

• Katzung (7th ed.). pp. 186-191 

Supplemental Reading 

o "Molecular Biolo g y of Calcium Channels in the Cardiovascular System", A.M. Katz, Am. J. 
Cardiol. 80(9A) 171-221 (1997) 



Objectives 

To understand: 1) the role of Ca ++ in cardiovascular function; 2) the basic principles of Ca ++ 
homeostasis; 3) the pharmacology of Ca ++ -channel blockers; 4) the therapeutic applications of Ca ++ - 
channel blockers. 



Outline of Topics 

• Introduction 

o Role of Ca — in Cardiac and Smooth Muscle 

o Regulation of Intracellular (Cytoplasmic) Ca— Concentration 

o Molecular Structures Involved in Ca— Regulation 

o Sites of Ca— -Channel Blocker Action 

o Hist ory of Ca — Channel Blockers 

• Chemistry of Ca— Channel Blockers 

• Pharmacology of Ca— Channel Blockers 

o Effects on Vascular Smooth Muscle 

o Effects on Cardiac Cells 

o Hemodynamic Effects 

o Dmg-Specific Effects 

o Pharmacokinetics 

o Toxicities and Side Effects 

• Therapeutic Uses of Ca— Channel Blockers 

o Angina 

o Arrhythmias 

o H ype rt e n sion 

o Less Com mon/Experimental Uses of Calcium Antagonists 



Introduction 

Role of Ca ++ in Cardiac and Smooth Muscle 
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• Changes in intracellular Ca ++ regulate contraction through different mechanisms in cardiac and 
smooth muscle: 

o In cardiac muscle, Ca ++ binding to troponin C relieves troponin inhibition of actin-myosin 
interactions 

o In smooth muscle, Ca ++ binding to calmodulin activates myosin light chain kinase which in 
turn phosphorylates the P-light chain of myosin. This triggers contraction (i.e.- actin-myosin 

interactions), but there appear to be additional Ca ++ regulatory mechanisms 

Regulation of Intracellular (Cytoplasmic) Ca ++ Concentration 

• There are a variety of ion pumps, channels, and exchangers that are directly involved in 
controlling intracellular Ca ++ , thus many possible sites for therapeutic agents to act 

• At rest, the cytoplasmic free Ca ++ concentrations are normally maintained at very low 
concentrations (<100 nM) relative to the Ca ++ concentrations found extracellularly (> 1 mM) 

• Upon stimulation, the free Ca ++ concentration in the cytoplasm can be rapidly elevated to 
concentrations > 1 uM; this increase occurs through the opening of channels in the 
sarcolemma/plasmalemma and sarcoplasmic/endoplasmic reticulum 

• When stimulation is removed, ATP-dependent ion-pumps and Na + /Ca ++ exchangers return the 
cytoplasmic free Ca ++ concentrations to resting levels 

Molecular Structures Involved in Ca ++ Regulation 

• Molecular structures in the plasmalemma/sarcolemma that regulate Ca ++ influx; 

o Plasmalemmal Ca ++ -channels allow extracellular Ca ++ to enter cells and fall into 3 major 
categories: voltage-dependent, receptor-operated, and stretch-operated 

■ Voltage (potential)-dependent Ca ++ -channels (homologous to Na + - and K + - 
channels, they consist of at least three types in the body: L, T, and N, and possibly a 
P-type) 

■ L-type channels: Large sustained conductance, inactivate slowly, widespread 
in cardiovascular system, are responsible for plateau phase (slow inward 

current) of action potential, may trigger release of internal Ca ++ , sensitive to 

Ca ++ -channel blockers, cardiac L-channels are regulated by cAMP-dependent 
protein kinase (phosphorylation enhances probability of channel opening at a 
given membrane potential) 

■ T-type channels: Structurally similar to L-type channels; inactivate rapidly; 
highest abundance in cardiac cells that lack a T-tubule system (SA nodal 
tissue); involved in cardaic pacemaker activity, growth regulation, and 
triggering contraction in vascular smooth muscle; low abundance in adult 
ventricular myocardium 

■ T-type channels are not very sensitive to most of the L-type Ca ++ - 
channel blockers (mibefradil being the exception) 

■ N-type channels: Appear to be found only in neuronal cells, and are not very 

sensitive to the Ca ++ -channel blockers used for treating cardiovascular 
disorders 

■ Receptor-operated Ca ++ -channels (e.g. alpha ^ -adrenergic receptors): Not very 
sensitive to Ca ++ -channel blockers 
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■ "Stretch"-operated or "leaky" Ca ++ -channels (may be important in maintaining 
vascular smooth muscle tone): Do not appear to be sensitive to Ca ++ -channel blockers 

• Molecular structures in the plasmalemma responsible for Ca ++ efflux: 

o Ca ++ -pumps (ATPases): Actively extrude Ca ++ against a large gradient; some forms of 

this enzyme are calmodulin-regulated 
o Na + /Ca ++ -exchanger (3Na + / lCa ++ ): A major mechanism for removal of cytoplasmic 

calcium in myocardium; rate of Ca ++ efflux depends upon Na + gradient across 

plasmalemma 

• Intracellular molecular structures involved in regulating cytoplasmic Ca ++ : 

o Molecular structures in the sarcoplasmic/endoplasmic reticulum (SR), an important 

intracellular site for sequestration and rapid release of Ca ++ 

■ Ca ++ release channels: IP 3 -sensitive, Ca ++ -sensitive, ryanodine-sensitive 

■ Ca ++ - ATPases (pumps): Responsible for resequestration of Ca ++ 

• Molecular structures in the mitochondria, a slowly exchanging Ca ++ reservoir 

o Ca ++ uniporter: Ca ++ uptake is driven by proton extrusion 
o Electroneutral Na + /Ca ++ exchanger 



Sites of Ca ++ -Channel Blocker Action 

• The conventional channel blockers bind to L-type channels ("slow channels") which are abundant 
in cardiac and smooth muscle (which may partially explain rather selective effects on the 
cardiovascular system) 

o Different classes of L-type Ca ++ channel blockers bind to different sites on the alphaj- 

subunit which is also the major channel-forming subunit (alpl^, beta, gamma, delta 

subunits are also present) 
o Different sub-classes of L-type channel exist which may contribute to tissue selectivity 

• Newer calcium channel blockers with different specificities have also been developed: 

o Bepridil, a drug with Na + and K + channel blocking activites in addition to L-type channel 
blocking activities 

o Mibefradil, a drug with T-type calcium channel blocking activity as well as L-type calcium 
channel blocking activity 

History of Ca ++ Channel Blockers 

• 1962 - Verapamil reported to possess negative inotropic & chronotropic effects not seen with 
other vasodilatory agents such as nitroglycerin (Hass &Hartfelder) 

• 1967 - Flee kens tein et al. suggest that verapamil's negative inotropic effect involved reduction of 

Ca ++ movement into cardiac myocytes 

• 1972 - Kohlhardt et al. show that D600, a verapamil derivative, blocks Ca ++ flux through the slow 
channel 

• 1987 - Sales of calcium channel blockers in U.S. approx. $700 million 

• 1992 - Sales of calcium channel blockers in U.S. approx. $3 billion 

• 1992-1993 - Nifedipine (Procardia), diltiazem (Cardizem), and verapamil (Calan) were among the 
top 20 most widely sold name brand drugs in the U.S. 
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Chemistry of Ca ++ Channel Blockers 

• Five major classes of Ca ++ channel blockers are known with diverse chemical structures: 

1. Benzothiazepines: Diltiazem 

2. Dihydropyridines: Nicardipine, nifedipine, nimodipine and many others 

o There are also dihydropyridine Ca ++ -channel activators (Bay K 8644, S 202 791) 

3. Phenylalkylamines: Verapamil 

4. Diarylaminopropylamine ethers: Bepridil 

5. Benzimidazole-substituted tetralines: Mibefradil 

Pharmacology of Ca ++ Channel Blockers 
Effects on Vascular Smooth Muscle 

• L-type Ca ++ channel blockers inhibit L-type voltage-dependent Ca ++ channels 

• T-type Ca ++ channel blockers inhibit T-type voltage-dependent Ca ++ channels 

• Little or no effect of Ca + + channel blockers on receptor-operated channels or on release of Ca ++ 
from SR 

• "Vascular selectivity" is seen with the Ca ++ channel blockers 

o Decreased intracellular Ca ++ in arterial smooth muscle results in relaxation (vasodilatation) 

-> decreased cardiac afterload (aortic pressure) 
o Little or no effect of Ca ++ -channel blockers on venous beds -> no effect on cardiac preload 

(ventricular filling pressure) 
o Specific dihydropyridines may exhibit greater potencies in some vascular beds (e.g.- 

nimodipine more selective for cerebral blood vessels, nicardipine for coronary vessels) 
o Little or no effect on nonvascular smooth muscle (e.g. -tracheal smooth muscle) 



Effects on Cardiac Cells 



Magnitude and pattern of cardiac effects depend on the class of Ca ++ channel blocker (see Table 1) 

• Negative inotropic effects are seen with some of the L-type channel blockers (a direct effect on 
myocardial L-type channels): 

o The negative inotropic effect is due to reduced inward movement of Ca ++ during the action 

potential plateau phase (due to inhibition of slow (L-type) channel) 
o Dihydropyridines have very modest negative inotropic effects 

o Mibefradil (a T-type channel blocker) has no negative inotropic effects because there appear 
to be few T-type channels in adult ventricular muscle 

• Negative chronotropic/dromotropic effects (pacemaker activity/conduction velocity) are also seen 

with some of the Ca ++ channel blockers 

o Verapamil (and to a lesser extent diltiazem) decrease the rate of recovery of the slow 
channel in AV conduction system and SA node, and therefore act directly to depress S A 
node pacemaker activity and slow conduction 

■ Ca ++ -channel block by verapamil and diltiazem is frequency- and voltage-dependent, 
making them more effective in cells that are rapidly depolarizing 
o Mibefradil has negative chronotropic and dromotropic effects 
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■ T-type channels are important for regulating Ca ++ influx in pacemaker cells and cells 
of the conduction system 

o Nifedipine and related dihydropyridines do not have significant direct effects on the 
atrioventricular conduction system or sinoatrial node at normal doses, and therefore do not 
have direct effects on conduction or automaticity 

■ The dihydropyridines can cause reflex increases in heart rate because of their potent 
vasodilating effects 

Hemodynamic Effects 

• All of the clinically-approved Ca ++ -channel blockers: 

o Decrease coronary vascular resistance and increase coronary blood flow 
o Decrease peripheral resistance via vasodilatation of arterioles 
o Are without significant effect on venous tone at normal doses 

Drug-Specific Effects (also see Table 1 ) 

• Dihydropyridines (e.g. nifedipine, nicardipine, and nimodipine) 

o Vasodilatation of arterial resistance vessels causes a reflex increase in sympathetic response 

■ Because the dihydropyridines have very weak effects on the SA node and AV 
junction, there is an increase in heart rate due to the increase in sympathetic tone 

■ Any weak direct negative inotropic effect of the drug is overwhelmed by the strong 
reflex sympathetic response 

o The overall hemodynamic effect is a drop in blood pressure, an increase in heart rate and 
contractility, and an increase in cardiac output 

• Verapamil 

o At doses that cause peripheral vasodilatation, verapamil has greater direct negative 
chronotropic, dromotropic (conduction), and inotropic effects than the dihydropyridines 

o The drug's direct negative chronotropic and dromotropic effects are able to overcome any 
reflex sympathetic response to the lowering of blood pressure, resulting in a drop in heart 
rate 

o The drug's direct negative inotropic effects can also overcome the reflex sympathetic 

response, resulting in a lowering of myocardial contractility 
o In patients with left ventricular dysfunction where sympathetic tone may already be high, 

the drug can can cause a dangerous decrease in contractility 

• Diltiazem 

o The hemodynamic effects of diltiazem are intermediate between the dihydropyridines and 
verapamil 

o The drug causes a modest lowering of heart rate and modest decrease in myocardial 
contractility, both of which are less than verapamil for a given drop in blood pressure 

• Mi bref radii 

o This agent is a potent peripheral and coronary vasodilator. Its chronic effects on blood 
pressure, heart rate, and cardiac conduction velocity (PQ interval) are comparable to those 
of verapamil and diltiazem 

o In contrast to verapamil and diltiazem, this agent appears to have negligible negative 
inotropic effects 

o In contrast to the dihydropyridines, reflex tachycardia does not occur with mibefradil 
o This drug was voluntarily withdrawn from the market by Roche on June 8, 1998 less than 
one year after its introduction due to interactions with a variety of commonly used drugs 
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Table 1. Relative Cardiovascular Effects of Prototypical Calcium Channel Blockers (adapted from 
Goodman and Gilman (9th ed.) and Massie, Am. J. Cardiol. 80(9A)23I-32I(1997)). 



Compound 


Coronary 
Vasodilation 


Suppresion of Cardiac 
Contractility 


Suppresion of SA 
Node 


Suppression of AV 
Node 


Verapamil 


++++ 


++++ 


+++++ 


+++++ 


Diltiazem 


+++ 


++ 


+++++ 


++++ 


Nifedipine 


+++++ 


+ 


+ 


0 


Nicardipine 


+++++ 


0 


+ 


0 


Bepridil 


(+++) 


(+++) 


(+++++) 


(++++) 


Mibefradil 


(++++) 


(0) 


(++++) 


(++++) 



The relative effects are ranked from no effect (0) to most prominent (+++++). Effects 
indicated in parentheses are estimated effects. 



Pharmacokinetics 

• All clinically-approved compounds are available for oral administration 

o Verapamil is also available for i.v. administration for interrupting supraventricular 
arrhythmias 

• Absorption is nearly complete after oral administration 

• Bioavailability is reduced because of first-pass hepatic metabolism 

• There is significant binding of all channel blockers to plasma proteins (70-99%) 

• Therapeutic effects are evident within 30-60 min after oral dose; peak effects within 15 min i.v. 

• Typical plasma half-life is 1.5 to 6 hours (24-40 hours for bepridil, some of the newer 
dihydropyridines, and mibefradil) 

o Half-lifes may increase with repeated oral dose due to hepatic saturation 
o Longer half-lifes for elderly patients and patients with hepatic cirrhosis or renal 
insufficiency 

• Verapamil, diltiazem, and possibly nicardipine inhibit hepatic enzymes 

• Metabolism of verapamil, diltiazem, and nifedipine is inducible 

• Diltiazem and verapamil have vasodilatory metabolites; dihydropyridines do not 

Toxicities and Side Effects 

• The calcium channel blockers are generally well-tolerated 

• The most common side effects, particularly with dihydropyridines, are due to excessive 
vasodilatation (i.e.- dizziness, hypotension, headache, flushing, edema, etc.) 

• Aggravation of myocardial ischemia has been reported, perhaps due to excessive hypotension 
resulting in decreased coronary perfusion, selective vasodilation in non-ischemic regions 
("coronary steal"), and increased oxygen demand due to reflex tachycardia 

o Because of lower capacity to induce excessive peripheral arterial dilation and reflex 
tachycardia, verapamil and diltiazem are less likely to aggravate myocardial ischemia 

• Serious toxic effects (bradycardia, transient asystole, exacerbation of heart failure) are rare and 
usually occur under specific conditions: 

o After i.v. administration of verapamil 

o During concurrent channel blocker/beta-adrenergic blocker administration 
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o i.v. verapamil is specifically contraindicated in combination with beta-blockers due to 
the possibility of AV block or severe depression of ventricular function 

o Patients with moderate to severe ventricular dysfunction, SA node or AV conduction 
disturbances, and systolic blood pressures below 90 mm Hg should not be treated with 
verapamil or diltiazem 

• Some channel blockers (e.g. - verapamil) can cause an increase in plasma digoxin levels and are 
therefore contraindicated for use in treating digitalis toxicity; AV block can also occur with 
concurrent treatment with channel blockers and digitalis 

• Though mibefradil was found to be safe and well-tolerated when used alone, it inhibits the P-450 
enzyme CYP 3A4 and thus can interfer with the metabolism of at least 26 other drugs, including 
certain HMG-CoA reductase inhibitors and other calcium channel blockers. When used in 
combination with other heart-rate lowering drugs such as beta-blockers, severe bradycardia could 
occur. Due to the difficulties in avoid these serious drug interactions, mibefradil was thus 
withdrawn from the market . 

Therapeutic Uses of Ca ++ -Channel blockers 

The primary indications for the Ca ++ -channel blockers are angina , arrhythmias , and hypertension : 
Angina (also see Antianginal Lecture Notes) 

• Variant (vasospastic, Prinzmetal's) angina: This syndrome is a direct result of reduction in 
coronary flow, not an increase in myocardial oxygen demand 

o Channel blockers are effective in treating variant angina due to their effects on coronary 

dilatation rather than alterations in peripheral hemodynamics 
o Verapamil, nifedipine, nicardipine, bepridil, and diltiazem are all effective 

• Exertional (exercise-induced) angina, angina of efffort: Usually due to fixed coronary vascular 
obstruction (surgical revascularization or angioplasty may be beneficial) 

o Therapeutic effect is due to increased coronary blood flow, and/or decreased myocardial 
oxygen consumption (secondary to decreased peripheral resistance, heart rate and 
contractility); the latter effect is thought to be more important 

o In some patients, channel blockers, particularly dihydropyridines, may aggravate anginal 
symptoms due to reflex increase in sympathetic tone, decreased coronary perfusion 
pressure, or coronary steal; not usually seen with verapamil or diltiazem 

o Concurrent therapy with beta-adrenergic blockers and/or nitrates can be more effective than 
individual agents alone: 

■ Beta-adrenergic blockers suppress reflex tachycardia (and have negative dromotropic, 
chronotropic, and inotropic effects which reduce oxygen consumption) 

■ Dihydropyridines will not enhance dromotropic effects of beta-blockers; concurrent 
treatment with verapamil or diltiazem is effective, but can lead to AV block, severe 
bradycardia, and decreased ventricular function 

o Nitrates cause venous dilation and reduce cardiac preload (channel blockers have no effect 
on venous return at normal doses) 

• Unstable (preinfarction, crescendo) angina: Recurrent angina associated with minimal exertion; 
prolonged and frequent pain; ECG patterns indicate myocardial damage; coronary flow is severely 
restricted and vasospasm occurs in some patients; thought to be due to Assuring of atheroscelortic 
plaques and subsequent platelet aggregation 

o Usual therapy includes nitrates and beta-blockers which primarily act to reduce oxygen 
consumption and thereby control pain, and long-term use of aspirin to reduce possibility of 
thrombosis (inhibition of platelet aggregation) 
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o Ca ++ channel blockers (especially verapamil) may be particularly effective if underlying 
mechanism involves vasospasm 

Arrhythmias (also see Antiarrhthymics Lecture Notes ) 

• i.v. verapamil (followed by oral administration) is a drug of choice for interrupting and controlling 
paroxysysmal supraventricular tachycardias (i.e. — originating from ectopic foci in atrial or 
junctional tissue) 

o Verapamil (i.v.) is useful in the immediate reduction of ventricular response in response to 
atrial fibrillation and flutter (except when associated with Wolff-Parkinson-White 
syndrome, a conduction abnormality) 

- Contraindicated for atrial tachycardia caused by digitalis toxicity because of 
pharmacokinetic interactions that might lead to increased digoxin blood levels 

- Can cause severe hypotension or ventricular fibrillation in patients with ventricular 
tachycardia (due to reflex increase in sympathetic tone); verapamil is rarely useful in 
treating ventricular arrhythmias 

• Diltiazem and bepridil are currently being evaluated for use in treating arrhythmias and appear to 
be similar in efficacy to verapamil 

• Bepridil may also be useful in treating ventricular arrhythmias because of its ability to also block 

Na + and K + channels (but can lead to the proarrhythmia, torsades de pointes) 
Hypertension 

• The calcium channel blockers are generally safe and are as effective as beta-adrenergic blockers 
or diuretics in the treatment of mild to moderate hypertension 

• Calcium channel blockers are especially effective in treating low-renin hypertension (common in 
blacks and the elderly) 

• Channel blockers are well-tolerated; minor side-effects include dizziness, headache, flushing, and 
edema and are most usually associated with the dihydropyridines 

• The use of L-type channel blockers should be avoided in patients with SA or A V nodal 
abnormalities or in patients with overt congestive heart failure 

• Efficacy can be enhanced by combination with other types of antihypertensives, but specific drug 
combinations should be avoided: 

o Diltiazem or verapamil with beta-adrenergic blockers (can lead to AV block, cardiac 
depression, bradycardia) 

o Ca ++ -channel blockers with quinidine (reduced clearance of both drugs and potential 

pharmacodynamic effects at the SA and AV nodes) 
o Verapamil with digoxin (can increase levels of digoxin, possible AV block) 

Less Common/Experimental Uses of Calcium Antagonists 

• Subarachnoid hemorrhage (nimodipine) 

• Treatment of migraine (nimodipine, nifedipine) 

• Raynaud's phenomenon (nifedipine, diltiazem) 

• Posthemorrhagic cerebral vasospasm (nimodipine) 

• Inhibition of platelet aggregation (unknown mechanism) 

• To slow development of atherosclerosis (mechanism unknown) 

• Hypertrophic cardiomyopathy (nifedipine, verapamil) 

• Postinfarct tissue preservation 
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T-type and L-type calcium channel blockers exert opposite effects 
on renin secretion and renin gene expression in conscious rats 

1 -'Charlotte Wagner, 2 Bernhard K. Kramer, 3 Markus Hinder, Martin Kieninger & 'Armin Kurtz 

'Physiologisches Institut and 2 Klinik und Poliklinik fur Innere Medizin II der Universitat Regensburg, Germany and 
^Hoffmann-La Roche AG Grenzach, Germany 

1 This study aimed to investigate and to compare the effects of pharmacological T-type calcium 
channel and of L-type calcium channel blockade on the renin system. To this end, male healthy Sprague- 
Dawley rats were treated with the T-channel blocker mibefradil or with the L-channel blocker 
amlodipine at doses of 5 mg kg" 1 , 15 mg kg" 1 and 45 mg kg" 1 per day for four days and their effects 
on plasma renin activity (PRA) and kidney renin mRNA levels were determined. 

2 Whilst amlodipine lowered basal systolic blood pressure at 5 mg kg" 1 , mibefradil had no effect on 
basal blood pressure in the whole dose range examined. Amlodipine dose-dependently induced up to 7 
fold elevation of PRA and renin mRNA levels. Mibefradil significantly lowered PRA and renin mRNA 
levels at 5 mg kg" 1 and moderately increased both parameters at a dose of 45 mg kg" 1 , when PRA and 
renin mRNA levels were increased by 100% and 30%, respectively. In primary cultures of renal 
juxtaglomerular cells neither amlodipine nor mibefradil (0.1-10 fiM) changed renin secretion. 

3 In rats unilateral renal artery clips (2K-1C) mibefradil and amlodipine at doses of 15 mg kg" 1 day" 1 
were equally effective in lowering blood pressure. In contrast mibefradil (5 mg kg" 1 and 
15 mg kg" 1 day" 1 ) significantly attenuated the rise of PRA and renin mRNA levels, whilst amlodipine 
(15 mg kg" 1 ) additionally elevated the rise of PRA and renin mRNA levels in response to renal artery 
clipping. 

4 These findings suggest that T-type calcium channel blockers can inhibit renin secretion and renin 
gene expression in vivo, whilst L-type calcium channel blockers act as stimulators of the renin system. 
Since the inhibitory effect of T-type antagonists is apparent in vivo but not in vitro, one may infer that 
the effect on the renin system is indirect rather than directly mediated at the level of renal 
juxtaglomerular cells. 

Keywords: Mibefradil; amlodipine; plasma renin activity; renin mRNA 



Introduction 

Calcium ions play a pivotal role in the contraction of vascular 
smooth muscle cells and consequently in vascular resistance. 
Calcium antagonists, in particular inhibitors of transmem- 
brane calcium entry into vascular smooth muscle cells 
(VSMC), are therefore powerful drugs in the treatment of 
hypertension (Cauvin et al, 1983; Hermsmeyer, 1991; Burges 
& Moisey, 1 994). The most effective in this context have been 
proven to be inhibitors of L-type calcium channels (Mac- 
Carthy, 1987; Osswald et al, 1990). A major side effect of 
L-type calcium antagonists in the treatment of hypertension is 
activation of the renin-angiotensin system (Churchill, 1987; 
Osswald et al., 1990; Cappucio et al., 1991; Schricker et al, 
1996a) which may, at least partly, counteract the hypotensive 
effect of calcium antagonists. The stimulation of the renin 
system by calcium channel antagonists is probably a multi- 
factorial effect involving systemic effects such as a fall in blood 
pressure (Messing et al, 1991; Bond & Boot, 1992) and 
activation of sympathetic outflow (Kailasam et al, 1995) on 
the one hand, and more direct effects on the level of renal 
juxtaglomerular (JG) cells, which are the main site of renin 
gene expression and secretion. From these cells, renin is 
secreted by regulated exocytosis and evidence has been 
accumulated to indicate that exocytosis of renin is inhibited 
by a rise in the cytosolic calcium concentration (Hackenthal et 
al, 1990). 



4 Author for correspondence at: Institut fur Physiologie, Universitat 
Regensburg, D-93040 Regensburg, Germany. 



Impairment of calcium entry into JG cells, which are 
metaplastically transformed vascular smooth muscle cells, is 
therefore expected to stimulate the secretion of renin. The 
pathways by which calcium enters renal renin-producing cells, 
have not clearly been identified but may involve store- 
regulated calcium influx directly in the juxtaglomerular region 
and L-type calcium channels in the more proximal parts of 
renal afferent arterioles (Scholz & Kurtz, 1996). Both pathways 
are inhibited by the second generation of dihydropyridines 
(Kass et al, 1991), such as amlodipine. 

Recently, a new generation of calcium channel blockers has 
been developed including mibefradil (Clozel et al, 1990; 
Veniant et al, 1991a,b) which selectively blocks T-type calcium 
channels (Mishira & Hermsmeyer, l^yn;. Mibefradil has been 
demonstrated to have similar potency to L-type calcium 
channels blockers in lowering blood pressure during hyperten- 
sive states (Hefti etal, 1990; Veniantefa/., 1993; 1994). HowT- 
type channel blockers influence the renin system, in particular 
renin secretion and renin gene expression, is not yet known. 

We are interested therefore to compare the effects of an 
established L-type channel blocker, such as amlodipine, with a 
T-type channel blocker, such as mibefradil, on the renin system 
in conscious animals as well as in isolated juxtaglomerular 
cells. Our findings show that low dose mibefradil inhibits renin 
secretion and renin gene expression in vivo but not in vitro. At 
higher doses mibefradil induced a moderate stimulation of 
renin secretion and renin gene expression. However, this was 
substantially smaller than the respective stimulation induced 
by amlodipine. 
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Methods 

Animal experiments 

Male Sprague-Dawley rats (220-250 g) kept in the local 
animal house were used for these studies. For blockade of 
calcium channels, the animals were treated either with the L- 
type calcium channel antagonist amlodipine or with the T-type 
calcium channel antagonist mibefradil (Ro 40-5967, Hoff- 
mann-La Roche, Basel, Switzerland) at daily doses of 
5 mg kg -1 , 15 mg kg -1 and 45 mg kg -1 for four days. The 
drugs were applied by gavage in the morning of each 
experimental day. In the control group, water was applied by 
gavage at the same time points. 

In a second series of experiments, amlodipine 
(15 mg kg" 1 day" 1 ) or mibefradil (5 mg kg" ! and 15 mg kg" 1 
day" 1 ) were given for four days to rats carrying a left renal 
artery clip from the third day of drug treatment. For this 
purpose animals were anaesthetized with methohexitone 
(SOmgkg -1 ) and then the left kidney was exposed by an 
abdominal incision, and sterile silver clips (Degussa AG, 
Darmstadt, Germany) with an inner diameter of 0.2 mm were 
placed on the left renal arteries. The corresponding control 
group to this set of experiments consisted of rats also carrying 
a left renal artery clip but not treated with amlodipine or 
mibefradil. Animals were examined two days after insertion of 
the renal artery clips. 

At the end of the experiment the animals were killed by 
decapitation and blood was collected from the carotid arteries, 
EDTA (5 mM) was added to the blood and haematocrit and 
PR A were determined. The kidneys were rapidly removed, 
weighed, cut into halves and rapidly frozen in liquid nitrogen. 
The organs were stored at -80°C until isolation of total RNA, 
which was extracted from one of the frozen halves of kidneys 
as described by Chomczynski & Sacchi (1987). 

Determination of preprorenin mRNA by RNase 
protection assay 

Renin mRNA was measured by RNase protection as described 
previously (Holmer et ai, 1994). A preprorenin cRNA probe 
containing 296 base pairs of exon I and III, generated from a 
pGEM-4 vector carrying a Pstl-Kpnl restriction fragment of a 
rat preprorenin cDNA (Burnham et al., 1987) was generated 
by transcription with SP6 RNA polymerase (Amersham Int., 
Amersham, U.K.). Transcripts were routinely labelled with 
[ 32 P]-GTP (400 Ci mmol" 1 ; Amersham International) and 
purified on a Sephadex G50 spin column. For hybridization 
total kidney RNA was dissolved in a buffer containing 80% v/ 
v formamide, 40 mM piperazine-N,N'-6w(2-e thane sulphonic 
acid), 400 mM NaCl, 1 mM EDTA (pH 8); 20 /ig of kidney 
RNA were hybridized in a total volume of 50 u\ at 60°C for 
12 h with 5 x 10 5 c.p.m. radiolabeled renin probe. RNase 
digestion with RNase A and Tl was carried out at room 
temperature for 30 min and terminated by incubation with 
proteinase K (0.1 mg ml" 1 ) and SDS (0.4% w/v) at 37°C for 
30 min. 

Protected preprorenin mRNA fragments were purified by 
phenol/chloroform extraction, ethanol precipitation and 
subsequent electrophoresis on a denaturing 8% w/v poly- 
acrylamide gel. After autoradiography of the dried gel at 
-80°C for one day bands representing protected renin mRNA 
fragments were excised from the gel and radioactivity was 
counted with a liquid scintillation counter (1500 Tri-CarbTm, 
Packard Instrument Company, Downers Grove, Illinois, 
U.S.A.). 



Calcium channel blockade and renin system 

Determination of glyceraldehyde-3-phosphate 
dehydrogenase-mRNA (GAPDH) 

The presence of rat GAPDH-mRNA in total RNA was 
measured by RNase protection assay. A GAPDH -c RNA 
probe containing a fragment of 342 bp of rat GAPDH-cDNA 
(Tso et al., 1985) was generated from a pGEM-4Z vector 
(Pharmacia) after linearization with Hindlll and following 
transcription with SP6-polymerase. GAPDH-mRNA was used 
as a standard RNA controlling the quality of the RNA 
preparation. Total RNA (1 /ig) was hybridized under the 
conditions described for the determination of preprorenin 
mRNA. 

Measurement of heart rate and blood pressure 

Heart rate and systolic blood pressure was measured by the tail 
cuff method with a BP recorder 8005 (Rhema, Hofheim, 
Germany) at 08 h 00 min and 16 h 00 min of each experi- 
mental day. 

Determination of plasma renin activity 

PRA was determined by incubation of the plasma samples at 
37°C (pH 6) for 1 h and measurement of the angiotensin I, 
generated using a commercially available radioimmunoassay 
kit for angiotensin I (Sorin Biomedica, Diisseldorf, Germany). 

Experiments with cultured juxtaglomerular cells 

Mouse juxtaglomerular cells were isolated as described 
previously (Delia Bruna et al., 1992). In order to prepare 3 ml 
of final cell suspension, one C57BL6 mouse (4-6 weeks old) 
that had free access to normal food and water (Altromin, 
Lage, Germany) was killed by decapitation. The kidneys were 
removed, decapsulated and minced with a scalpel blade. The 
minced tissue was incubated with gentle stirring in buffer 1 
(130 mM NaCl, 5 mM KC1, 2 mM CaCl 2 , 10 mM glucose, 
20 mM sucrose, 10 mM tris(hydroxymethyl)aminomethane 
hydrochloride, pH 7.4) supplemented with 0.25% w/v trypsin 
(Sigma, Deisenhofen, Germany) and 0.1% collagenase 
(0.5u mg" 1 , type A, Boehringer Mannheim, Germany) at 
37°C for 70 min. After enzymatic dissociation, the tissue was 
sieved over a 22 um screen. Single cells passing the screen were 
collected, washed and resuspended in 4 ml of buffer 1 and then 
further separated using Percoll (Pharmacia, Uppsala, Sweden) 
density gradients. The cell suspension obtained was added to 
two tubes each containing 30 ml of 30% v/v isoosmotic Percoll 
in buffer I. After 25 min of centrifugation at 4°C and 27,000 g, 
four cell layers with different specific renin activity were 
obtained. The cellular layer (density- 1.07 gml" 1 ) with the 
highest specific renin activity was used for cell culture. 

These cells were washed in buffer 1 and resuspended in 
RPMI-1640 medium (Biochrom, Berlin, Germany) containing 
0.66 u ml" 1 insulin, 100 u ml" 1 penicillin, 100 jig ml" 1 strep- 
tomycin, and 2% v/v foetal calf serum (FCS). The cultures 
were distributed in 100 /d aliquots into 96-well plates. The 
cultures were incubated at 37°C in humidified atmosphere 
containing 5% C0 2 in air. 

After 24 h of primary culture, the culture medium was 
removed, and the cultures were washed once with 100 /d 
RPMI-1640 medium containing 2% v/v FCS. Then 100 jd of 
fresh and pre warmed culture medium with the chemicals to be 
tested were added. 

Experiments on renin secretion were performed for the 
next 20 h of incubation. At the end of experiments, 
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supernatants were collected and centrifuged at 1000 g at 
room temperature to remove cellular debris. The super- 
natants were then stored at — 20°C until assayed for renin 
activity. Cells were lysed by adding to each culture well of 
100 fi\ PBS containing 0.1% Triton X-100 and shaking for 
45 min at room temperature. The lysed cells were stored at 
-20°C until further processing. 

Renin secretion rates were estimated from the appearance 
rate of renin in the culture medium. To minimize differences 
between different cell culture preparations, renin secretion 
rates were calculated as fractional release of total renin found 
at the end of primary culture (i.e. renin activity released/(renin 
activity released 4- renin activity remaining in the cells)). 

Statistics 

Significance levels were calculated with the ANOVA test. A 
value of / > <0.05 was considered significant. 



Results 

Effect of drugs on systolic blood pressure 

Animals were treated with the drugs for 4 days. At that time 
systolic blood pressure was significantly lowered in animals 
receiving amlodipine but not in animals receiving mibefradil 
(Figure 1). The lowest dose of amlodipine used in this study 



(5 mg kg~ l day 
20 mmHg. 



') lowered systolic blood pressure by about 



Amlodipine 




control 5 mg kg -1 1 5 mg kg" 1 45 mg kg -1 
daily dose 

Figure 1 Dose- response effect of treatment with amlodipine (a) and 
mibefradil (b) for 4 days on basal systolic blood presure in conscious 
rats. Data show values of systolic blood pressure measurements 
(mmHg) at the beginning (open columns) and at the end (solid 
columns) of the experiments. Data are mean+s.e.mean, «-6; 
*/><0.05. 



Effect of drugs on heart rate 

The lowest dose of amlodipine used (5 mg kg -1 day -1 ) 
increased heart rate by about 20 beats min" 1 (Figure 2). The 
increase in heart rate was not further enhanced by higher doses 
of amlodipine but the scatter of values became smaller with 
high doses of amlodipine. In contrast, mibefradil exerted a 
clear dose-dependent inhibitory effect on heart rate (Figure 2). 

Effect of drugs on plasma renin activity 

PRA was determined in the animals as an indirect measure of 
renal renin secretion. Figure 3 shows that amlodipine caused a 
dose-dependent rise of PRA which was elevated by 500% 
above normal in animals treated with the highest dose of 
45 mg kg" 1 day" 1 . Mibefradil treatment exerted a dual effect 
on PRA values. At a dose of 5 mg kg* 1 day" 1 , PRA was 
significantly lowered. At a dose of 15 mg kg" 1 day" 1 PRA 
values were not different from controls. At 45 mg kg -1 day -1 
mibefradil PRA values were significantly increased by about 
200% (Figure' 3b). 

Effect of drugs on renal renin mRNA levels 

Similar to its effect on PRA, amlodipine also dose-dependently 
increased renin mRNA levels by about 700% with the highest 
dose of 45 mg kg" 1 day ~* (Figure 4a). Mibefradil at a dose of 
5 mg kg -1 day -1 moderately but significantly lowered renin 
mRNA levels. At the highest dose of 45 mg kg" 1 day" 1 , renin 
mRNA levels were increased by about 30% versus control 
animals without reaching a level of statistical significance 
(P> 0.05) (Figure 4b). 

Effects of drugs on renin secretion from isolated 
juxtaglomerular cells 

To test for a possible direct effect of amlodipine and of 
mibefradil at the level of the renal juxtaglomerular cells, the 
effects of both drugs were examined in primary cultures of 
mouse juxtaglomerular cells. As shown in Figure 5 neither 
drug affected basal renin secretion from cultured cells, which 




5 15 
daily dose (mg kg" 1 ) 

Figure 2 Dose-response effect of treatment with amlodipine and 
mibefradil for 4 days on heart rate in the conscious rat. Data show 
changes in heart rate (beats min" 1 ) and are means ±s.e.mean, n = 6; 
*P<0.05. 
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Figure 3 Dose-response effect of treatment with amlodipine (a) and 
mibefradil (b) for 4 days on PRA. Data show changes in PRA 
(ng angiotensin I h _i ml -1 ) and are means + s.e.mean, n = 6; 
*/><0.05. 
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Figure 4 Dose-response effect of treatment with amlodipine (a) 
and mibefradil (b) for 4 days on renin mRNA. Data show changes 
in renal renin mRNA levels and are means + s.e.mean, n = 6, 
*P<0.05. 



spontaneously released about 18% of stored active renin 
within 20 h of culture. Renin secretion was significantly 
stimulated by a lowering of the extracellular calcium 
concentration and by activation of adenylate cyclase with 
forskolin (Figure 5). 

Effect of drugs on plasma renin activity, renin mRNA 
levels and blood pressure in 2K-1C rats 

To examine the effects of calcium antagonists on the 
stimulated renin system, amlodipine and mibefradil were 
administered to rats with unilateral renal artery stenosis. In 
animals without drug treatment, PRA increased about four 
fold two days after clipping (Figure 6). At that time, renin 
mRNA was increased about five fold in the clipped kidneys 
and had decreased to about 30% of the normal value in the 
intact contralateral kidney (Figure 7). In animals pretreated 
with amlodipine (15 mg kg -1 day -1 ) PRA increased about 10 
fold two days after clipping (Figure 6). Renin mRNA in the 
clipped kidney had increased about six fold above control 
(Figure 7a). Renin mRNA levels in the contralateral intact 
kidney were not different from the values found in normal 
untreated animals (Figure 7b). In animals pretreated with 
mibefradil (5 mg kg -1 day" 1 ) the increase in PRA, as well as 
the increase in renin mRNA in the stenosed kidneys two days 
after clipping, were greatly reduced (Figure 7a), whilst renin 
mRNA in the contralateral intact kidney fell significantly 
below the value found in normal kidneys (Figure 7b). At a 
dose of 15 mg kg" 1 day -1 mibefradil still attenuated the 
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Figure 5 Renin secretion from mouse cultured JG cells under basal 
conditions (control) and in the presence of amlodipine (0.1- 10 ^m), 
mibefradil (0.1-10 /jm), EGTA (2 mM) and forskolin (10 yM). Data 
are means ±s.e.mean of different cell preparations, n = 5. Total renin 
activity in the different preparations was 48±12/ig angio- 
tensin I h -1 mg -1 cellular protein. Each experiment represents the 
mean of 4 replicate culture wells. *P<0.05. 



increase of PRA and of renin mRNA levels in response to 
renal artery clipping. 

Unilateral renal artery clipping increased systolic blood 
pressure by about 30 mmHg (Figure 8). In animals receiving 
either amlodipine or mibefradil (15 mg kg -1 day" 1 ) together 
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Amlodipine Mlbefradil Mlbefradil 

(ISmgkg" 1 ) (5 mg kg- 1 ) (ISmgkg* 1 ) 

Figure 6 Effect of treatment with amlodipine and mibefradil for 4 
days on PR A in 2FC-1C rats. Data show changes in PRA 
(ng angiotensin h -1 mg~ ! ) and are means ±s.e.mcan, n = 6; 
*P<0.05 vs control; #/><0.05 vs clipped, vehicle-treated animals. 



with a renal artery clip, systolic blood pressure was not 
changed relative to the starting values (Figure 8). At a dose of 
5 mg kg - ' day -1 mibefradil did not prevent the increase in 
blood pressure in response to renal artery clipping (Figure 8). 



Discussion 

This study aimed to compare the effects of the L-type calcium 
channel blocker amlodipine and the T-type calcium channel 
blocker mibefradil on renin secretion and renin gene 
expression. In accordance with previous results (Schricker et 
al., 1996a) we found that amlodipine in the concentration 
range between 5 mg kg -1 day -1 and 45 mg kg" 1 day~ l 
lowered systolic blood pressure at the lowest dose examined 
in this study. Mibefradil on the other hand exerted no effect on 
basal systolic blood pressure over the whole dose range 
examined. The inability of mibefradil to lower basal blood 
pressure seems to be at odds with previous studies showing a 
reduction of blood pressure in normal animals (Hefti et ai, 
1990). The majority of these studies used i.v. bolus injections of 
mibefradil and the experimental protocol is therefore not 
comparable with this study (e.g. Veniant et aL, 1991a). One 
study showed that mibefradil administered by daily gavage 
significantly lowered systolic blood pressure after six days of 
treatment (Schmitt et al. t 1995). However, in that study basal 
blood pressure of rats was substantially higher than in the 
present experiments. Thus mibefradil lowered systolic blood 
pressure to values between 125 to 130 mmHg which were 
considered as normal blood pressure values in this study, 
whilst amlodipine lowered blood pressure to values around 
100 mmHg what was also found in this study. It appears that 
orally administered mibefradil has little effect on normal blood 
pressure values and is primarily effective during hypertensive 
states (Boulanger et aL, 1994). This conclusion is supported by 
the observation that mibefradil prevented the rise of blood 
pressure in response to renal artery clipping. 

In contrast to its lack of effect on basal blood pressure, 
mibefradil dose-dependently lowered the heart rate, which is in 
good agreement with previous observations (Veniant et ai, 
1991a). The mechanism of the negative chronotropic effect of 
mibefradil is not yet understood but could involve direct effects 
on the sinoatrial node as well as indirect effects such as a 
decrease in sympathetic activity. In contrast to mibefradil and 
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Figure 7 Effect of treatment with amlodipine and mibefradil for 4 
days on renin mRNA in clipped (a) and contralateral (b) kidneys of 
2K.-1C rats. Data show changes in renal renin mRNA levels and are 
means ±s.e.mean, n = 6; */ > <0.05 vs control; #/ > <0.05 vs clipped, 
vehicle-treated animals. 
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Figure 8 Effect of treatment with amlodipine and of mibefradil for 4 
days on systolic blood pressure in conscious 2K.-1C rats. Data show 
values of blood pressure measurements (mmHg) at the beginning 
(open columns) and at the end (solid columns) of the experiments. 
Data are means + s.e.mean, n = 6; *P<0.05. 



in accordance with previous observations (Veniant et ai, 
1991a), amlodipine significantly increased heart rate probably 
due to an activation of sympathetic nerves. Amlodipine 
(45 mg kg -1 ) dose-dependently increased PRA up to six fold 
and renin mRNA levels up to seven fold. 
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Mibefradil exerted a dual effect on basal renin secretion and 
renin gene expression in vivo. At 5 mg kg~' day' 1 , mibefradil 
clearly reduced PRA and also moderately but significantly 
lowered renin mRNA levels. Increasing the daily dose of 
mibefradil to 45 mg kg - ' caused a moderate increase in PRA 
and renin mRNA levels. However, at each dose the stimulant 
effect of mibefradil of renin was far smaller than that of 
amlodipine. In isolated renal juxtaglomerular cells neither 
amlodipine nor mibefradil stimulated renin secretion, suggest- 
ing that the effects of both drugs in vivo on the renin system 
were indirect. In the concentration range of 0.1-10 //M 
amlodipine and mibefradil would be expected to block L-type 
and T-type calcium channels respectively (Mishira & 
Hermsmeyer, 1994; Koidl et aL, 1997). It was notable that 
lowering extracellular calcium concentration stimulated renin 
secretion from cultured juxtaglomerular cells, which supports 
the conclusion that neither L-type nor T-type calcium channels 
are effectively involved in the control of renin secretion at the 
cellular level. 

The inhibitory effect of low mibefradil doses on the renin 
system was exerted in situations where the renal renin system 
was stimulated. Such a stimulation was induced by unilateral 
renal hypoperfusion due to placement of a renal artery clip. 
Two days after placement of the renal artery clips PRA was 
increased about 4 fold and renin mRNA was increased about 5 
fold in the clipped kidney, whilst renin mRNA was markedly 
suppressed in the contralateral, normal kidney. Pretreatment 



of animals with amlodipine (15 mg kg" 1 day" 1 ) before renal 
artery clipping additionally elevated the rise of PRA and of 
renin mRNA. Mibefradil (5 mg kg -1 and 15 mg kg" 1 ), on the 
other hand, led to a clear attenuation of the rise of PRA and of 
renin mRNA in response to renal artery clipping. 

By which indirect pathways amlodipine may stimulate and 
mibefradil may inhibit the renin system in vivo remains unclear. 
Apart from blood pressure, important determinants for the 
activity of the renin system in vivo comprise the salt load of the 
body (Holmer et aL, 1993; Schricker et aL, 1996b), sympathetic 
outflow (Holmer et aL, 1994), a yet unidentified macula densa 
signal (Modena et aL, 1993) as well as local factors such as 
intrarenal formation of angiotensin II, prostaglandins or nitric 
oxide (Johns et aL, 1990; Schricker et aL, 1995a,b). 

Although our study cannot clearly distinguish between 
these various possibilities an obvious candidate could be 
sympathetic nerve activity. The changes of heart rate observed 
could be interpreted as a stimulant and an inhibition of 
sympathetic nerve activity by amlodipine and mibefradil, 
respectively. Thus it will be of interest to characterize the role 
of the sympathetic nervous system in the effects of calcium 
channel blockers on the renin system in vivo. 



The expert technical assistance provided by K.H. Gotz and M. 
Hamann is gratefully acknowledged. 
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